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Viscosity of Water Substance-New International Formulation 
and Its Background 

A. Nagashimce 

Keio University, Yokohama, Japan 

The paper traces the development of our knowledge of the viscosity of water and steam over the 
last decade, that is over the period of intense experimental and analytic activity which separates 
the promulgation of the 19M Supplementary Release on Transport Properties of the Sixth ICPS 
from the recently announced Release on Dynamic Viscosity of Water Substance. As a result of 
this work, which was largely stimulated by the activities of the International Association for the 
Properties of Steam, the new internationally recognized skeleton table and the international1y 
recommended equations cover the wide range 01 pressures and temperatures of 0-100 
MPa and 0--800 

Key words: Critically evaluated data; International Formulation; steam; viscosity of water and 
steam; water. 

1. Introduction 

In 1964, the Shth International Conference on the 
Properties of Steam (ICPS) adopted the first, in its his
tory, skeleton tables for the viscosity and thermal con
ductivity of water substance. The recommended values 
embodied in the skeleton tables resulted from years of 
effort on the part of the wor1d~s experts in the sub
ject [1] 1. The background on which these recornmenda. 
tion~ WP.TP. ha"p.rl w~'" (jp.,,~rihp.ci in ::l papPT hy Kp"tin 
and Whitelaw [2]. 

The preceding first skeleton table (1964 ST) repre
sented the best knowledge available at the time; it also 
became a guid~ng and' stimulating standard for the suc
ceeding generation of researchers. During the interval 
of time that elapsed since 1964 a considerable quantity 
of new experimental data has been published. These have 

been critically evaluated and correlated by several teams 
that. worked in cooperation with the International Asso
ciation for the Properties of Steam (lAPS) formed in 
1968. A scrutiny of this work convinces us that progress 
since 1964 has been remarkable. In particular, as ne-w 
data appeared~ it became clear that the 1964, ST con· 
tained considerable errors. Moreover, the blank spaces 
left in them could now be fined. Finally, the range of 
pressures and temperatures could be extended and the 
"tolerances", indicative of uncertainties of the measure· 
ments, could be reduced. 

The Eighth ICPS held in France in 1974 resolved that 
the 1964 ST have become obsolete [3] and should be 
leplcu.:eu Ly <.t revbell aml upualed vensluu. The Cuulel

ence created a Special Committee 2 with Professor J. 

1 Numbers in brackets designate literature references. 

2 The Committee consisted twelve members representing France, the Feder;,! 

Republic of Germany, Japan, USA, and the USSR. Their names are listea 
in Appendix 1. 

Copyright © 1977 by the U.S. Secretary of Commerce on behalf of the United 
States. This copyright will he assigned to the American Institute of PhYEics and the 
Amerlcall ChemIcal ,soclel)" 10 whum all requeslS regardIng reprouucilon should lJe 

addressed. 

Kestin, lAPS President 1974-1976, as its convenor, and 
entrusted it with the task of completing new representaH 

tions of the viscosity and thermal conductivity of water 
substance and of presenting them to the scientific and 
engineering community as internationally approved stand. 
ards. The Committee met twice in 1975, first in Schliersee, 
Germany, and later in Ottawa, Canada, and adopted final 
recommendations concerning viscosity. The work on 
thermal conductivity is still in progress. 

Thp.~p. final rp.~omm~ndations were duly circulated among 
the national delegations represented at the 8th ICPS and 
approved in 1976 by mail ballot. They are now embodied 
in an official document entitled Release on Dynamic Vis
cosity of Water Substance which was circulated among a 
large number of technical journals of the world. Thus, 
these recommendations have officially acquired the status 
of an international standard, in the same way a9 the 

1963 Skeleton Tables of equilibrium properties, and have 
rendered the 1964. tables of transport properties devoid 
of this status. 

The Release is given verbatim in its officially approved 
form as Appendix I in this paper. The remainder of the 
paper describes the present state of our knowledge con
cerning the viscosity of water substance and gives details 
of the trends of thought that guided the Special Com
mittee in its work of formulating the preceding document. 

2. Progress Achieved since 1964 

2.1. General Remarks 

Tables la-d list all experimental investigations on the 
viscosity of water substance that were available to the 
Special' Committee and that were critically examined and 
analyzed by its members. Table Ie records the experi
mental work which has been published since the termina~ 
tion of the work that led to the Release (Appendix 1) and 
that could not be taken into consideration any more. The 
entries have been arranged chronologically and it can 
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TABLE la. Water, 0 °G-I00 oC, atmospheric pressure 

Firs~ author Year Method 

Poiseui11e 1840 capillary 
hTllhllm 1861 capillary 
Sprung 1876 capillary 
Grotrian 1879 capillary' 
Slotte 1883 capillary 
Noak 1886 capillary 
Thorpe 1894 capillary 

I Heydeweiller 1896 capillary 
Hosking 1909 capillary 
Bingham 1912 capillary 

White 1914 capillary 
Leroux 1925 oscill. cyl. 

Geddes 1933 capillary 

Wobser ]941 capillary 
Coe 1944 capillary 
Hardy 1949 capillary 
Hoeppler 1952 fall. body 
Swindells 1952 capillary 
Weber 19!:>:) capillary 
Roscoe 1958 oscill. sphere 
Malyarov 1959 capillary 
Caw 1961 capillary 
Hallet 1963 capillary 
Korosi 1968 capillary 
Korson 1969 capillary 
Penn 1971 channel flow 
Marvin 1971 

White 1971 oscill. sphere 
Eicher : 1971 capillary , 

TABLE lb. Water, high pressure 

Max. temp. 
First author 

Roentgen 
Warburg 

Cohen 
DeHaas 
Hauser 
Bridgman 
Sigwart 
Timrot 
Hardy 
Golubev 
Moszynski 
Mayinger 
Timrot 
Weber 
Tanaka 
Bett 
Wohham 
Horne 
Dudziak 
Rivkin 
Agayev 
A 
K 
N 
K 

gayev 
orosi 
agashima 
erimov 

Rivkin 
Rivkin 
Rivkin 

Year 

1884 
lRR4. 

1892 

1894 
1901 
1926 
1936 
1940 
1949 
]959 

1961 
1962 
1963 
1963 

1963 I 
1965

1 

1966 
1966 
lY66 j 
1966

1 
1967 

1968
1 1968

1 1968 
1969

1 
1970

1 

1972 i 
1972 : 

i 

Method (oC) 

capillary 11 
rl'lpillllTY 20 
capillary 23 

capillary 153 
capillary 100 
fall. body 75 
capillary 371 
capillary 374 
capillary 125 
capillary 300 

osciI. sphere 186 
capillary 300 
capillary 370 
fall. body 160 
capillary 372 
fall. body 100 
rotat. cyl. 108 
roll. ball 20 

osciIl. disk 350 
capillary 200 
capillary 100 
capillary 150 
capillary 150 
capillary 372 
capillary 275 
capillary 

I 

375 
capllIalY 
capillary 375 

1 

j phy~ Ch ... m R .. f ONt .... V ... I I.. Nn 4. lQ77 

Temperature 
(OC) 

()-45 

0-70 
0-50 
8-31 

0-97 
0-60 
0-100 

21 
0-100 
0-97 

]-44 

20-80 
20 
25-40 
5-125 

20 
20 
0-40 

20 
20 
20-30 

-25-25· 

20-150 
8-70 

20 
20 

20 
20 

Max. pres. 
(bar) 

29 
150 
912 

saturated 
405 

10790 
248 
355 

saturated 
784 
346 

765 
492 
490 
978 

10133 
226 

1961 
3220 

50 
1178 

1178 
saturated 

991 
1178 
500 

salulaleu 
1000 

A. NAGASHIMA 

TABLE lc. Steam, atmospheric pressure 

Reference 
Temperature 

First author Year Method (OC) (maximum) Reference 

6 
7 
9 

10 

11 
12 
13 
14 
15 
16 

18 

Kundt 1875 osci11. disk 20.6 71 
Puluj lR7R o!;cill. disk 16.7 72 
Vogel 1914 osci1l. disk 28.9 73 
Smith 1924 capillary 263 74 
Braune 1930 osciU. disk 407 75 
Bonilla 1951 capillary 1450 136 
Bonilla 1956 capillary 1200 66 
Shifrin 1959 capillary 866 65 
Latto 1965 capillary 1071 67 
Zhdanoy 1968 capillary 630 76 
Timrot 1973 oscill. disk 70 

]9 

20 
Thoen·Hellemans 1973 theoretical 4 

21 
22 
23 
24 TABLE Id. Steam, high pressure 

5 
26 Max. temp_ MllY. pTE''''_ 

27 First author Year Method (OC) (bar) Reference 

34 
28 Speyerer 1925 capillary 347 10 83 

29 Shugayev 1933 capmary 400 94 84 

30 Shiller J935 nozzle flow 300 30 85 

31 Hawkins 1935 fall. body 540 248 87 

32 Sigwart 1936 capillary 383 264 86 

3.!l Shugayev 1939 capillary 600 245 88 

38 Hawkins ]940 capillary 538 125 8Y 

35 Timrot 1940 capillary 601 301 97 
Jackson 1949 annular flow 650 ]01 90 
Jackson 1959 annular flow 471 312 91 
Kjelland. 

Fosterud 1959 capillary 540 981 135 
Osborne 1959 capillary 482 69 92 
Whitelaw 1960 capillary 654 785 98 

Reference 
Kestin 1960 oscill. disk 237 19 78 
Moszynski 1961 osciIl. disk 267 42 45 

56 
57 
58 

8 
59 
60 
61 
97 
23 
62 

45 
43 
44 
63 
52 
47 
64 

48 
4() 

Witzell 1961 capillary 315 92 93 
Mayinger 1962 capillary 703 608 43 
TimrOl 1963 cavlllalY 700 4% 44 I 
Barnett 1963 annular flow! 495 689 99 
Tanaka 1963 capillary 907 982 52 
Kestin 1963 oscill. disk 275 52 80 
nay 1964 capillary 700 785 101 
Jackson 1965 annular flow 550 689 100 
Dudziak 1966 osciIl. disk 560 3460 46 
Rivkin 1966 capillary 250 29 81 
Nagashima 1968 capillary 905 1004 53 
Sato 1968

1 
capillary ! 223 9 68 
(coiled) 

I 

Rivkin 19681 capillary 450 354 82 
Sato 1970

1 
cllpillllTY 505 2;; 69 

I (coiled) 
Rivkin 19701 capillary I 

395 220 104 
\ Rivkin \ 1973\ capillary 
1 103 

! I 

81 
50 
49 TABLE Ie. Publications after 1974 
30 
53 First author Year Region covered Reference 
51 
54 Rivkin 1974 critical region 112 
!jG Naga~him'" 1974. Gleam (600 oe, 20 MPa) 96 

102 Mayinger I 1976 ·critical region 137 
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be verified that about 40% of all papers have been pub
lished after 1963, the cut-off year for the 1964 tables. 
These data not only cover an extensive range of pres
sure and temperature, but are also indicative of major 
improvements in experimental technique. 

The tables summarize exclusively experimental deter
minations with the only exception a study by Theon
Hellemans and Mason [4] which examines theoretically 
the thermodynamic consistency between the viscosity and 
thermal conductivity of low-density steam. At the present 
time theoretical studies of the viscosity of water substance 
in all its forms have not led to sufficiently reliable and 
precise results to merit inclusion. The author hopes that 
a statistical theory of, for example~ dense-steam properties 
based on an improved version of Enskog's theory or of 
near-critical behavior formulated in terms of the recently 
discovered scaling laws wi11 become possible in the not 
too distant future. 

2_2_ Viscosity of Water at Atmospheric Preuure in the 
Range 0-100 °C 

The data listed in table 1a are contained in some thirty 
reportlS [5-30]. TI1\::: v.bcu:;.iLy uf waler at atmospheric 
pressure of 20°C is of particular importance because it 
is often used as a reference and calibration standard. 

In 1952, Swindells, Coe, and Godfrey [5] published 
their data on water at atmospheric pressure at 20°C 
measured with a capillary viscometer. Since then their 
value 

jl20 0 C = (1.0019 ± 0.0003) X 10-3 Pa·s, (1) 

(sometimes rounded off to 1.002 X 10-3 Paos) has been 
accepted by many researchers as a calibration standard. 

For many years before, the value 1.005 X 10-3 Pa' s 
had been widely used. Figure I graphically describes the 

'" Is: 1.02 r---------'- .. 

?-

~ 1.01- 01' 
o 
u 
(/) 

> 1.00 

1850 1900 
YEAR 

1950 

FIGURE 1. Chronological variation of the experimental viscosity at 
20°C and atmospheric pressure 

1 Poiseuille 11 Hoeppler 
2 Sprung 12 Swindells et al. 
3 Slotte 13 Roscoe and Bainbridge 
4 Noak 14 Malyarov 
5 Thorpe and Rodger 15 Kawata et al. 
6 Hosking 16 Penn and Kearsley 
7 Bingham and White 17 White and Kearsley 
8 Leroux 18 International Critical Tables 
9 Geddes 19 Table 4 

10 Hrady and Cottingtol1 

chronological variation of this value. As was pointed out 
by Grigull [39], most values published prior to 1950 
are higher than (1). In later years, Roscoe and Bain
bridge [27] measured 

jl20 0c = ,(1.0025 ± 0.0005) X 10-3 Pa· s, (2) 

in an oscillating-sphere apparatus, and Malyarov [34] 
reported 

jl20 °c = (1.0035 ± 0.0003) X 10-3 Pa· s, (3) 

as a result of his measurements in a capillary apparatus. 
It is seen that the discrepancies between these most 
carefully measured va1ues exceed the experimental uncer
tainties claimed by their authors. No convincing resolu
tion of this dilemma has been offered so far. 

One of the major corrections that can be suspected as 
the cause of the preceding state of affairs [40] is the 
inlet-length correction (otherwise known as the kinetic
energy correction). Kawata et a1. [36 J indirectly con
firmed Swindell's value by the step-up method, that is by 
comparing the viscosity of water with that of a more 
viscous oil. It is, namely, possible to use the falling-ball 
method to perform an absolute measurement of the vis
cosity of a moderately viscous oil with a negligible non
Newtonian behavior. Similarly, the contribution of the 
inlet-length correction can be minimized when measure
ments are made in a capillary viscometer. These circum
stances allowed Kawata, in his opinion, to check for 
unknown, systematic errors of the capillary method.3 

Kestin and Whitelaw [37] and Caw and Wylie [28J 
found that the effects of dissolved air and of pressure 
cycles, sometimes blamed for these discrepancies, are not, 
in fact, significant. 

The likelihood of the existence of an unappreciated 
systematic error was recently studied by a group at NBS 
v,Tho employed the channel-flow method [33] as well as 
the oscillating method [32]. The results were summarized 
by Marvin [33] who recommended that Swindell's value 
(l) should be retained with the proviso that its uncertainty 
should be increased to 0.25%. 

A .theoretical analysis and review of the inlet-length 
correction problem was recently given by Kestin, Sokolov: 
and Wakeham [41]. In the author's opinion this success
fully r.ondllcip.s 'hRlf J'l (,pntnry of iliscuo;sion concerning 

the dependence of the inlet-length correction on the 
Reynolds number. 

Judging by the written fact, Swindell's work is a most 
careful and convincing study. In the author's judgement 
this is still the best determination of the viscosity of 
water at 20 °e. 

The influence of temperature on the viscosity of water 
at atmospheric pressure described in a number of recent 
determinations [30, 31, 35] shows very good agreement 
if judged by the values of the ratio ,,.,.(t °C) /,.,.(20 °C). 
Since the viscosity equation for atmospheric water cover
ing a wide range . of temperature and pressure is neces-

3 An element of doubt remained owing to an uncertainty of 0.25% in his em· 

pirically detcrmined correction for the wall effect; this induces a residual uo· 

certainty of 0.06% io the viscosity itself. 

J. Phys. Chern. Ref. Date, Vol. 6, No.4, 1977 



1136 A. NAGASHIMA 

~arily complex, it is convenient to employ simpler forms 
jn the restricted range 0-100 °C at atmospheric pressure. 
Here it is useful to mention the equations proposed by 
Eicher [35], and Ikeda and N agashima [42]. The latter 
(of a modified Arrhenius type), and its output, are given 
in Appendix II. The diagram in figure 2 contains the 
corresponding deviation plot. As the ice-point temperature 
of 0 °C is approached, the temperature dependence 
becomes more pronounced and the data for supercooled 
water due to Hallet [29] and Eicher [35] are helpful for 
the determination of the value of water at 0 °C and atmos
pheric pressure when it exists in equilibrium with ice. 
Similarly, data above the steam point are needed to deter
mine the value of the viscosity of water at 100°C and 
atmospheric pressure when it exists in equilibrium with 
its vapor. The only data available above 100 °C are those 
by de Haas [8], Hardy and Cottington [23] and Korosi 
[30]. 

2.3. Viscosity of Water under High Pressure 

Systematic measurements of the viscosity of water under 
high pressure were carried out by Mayinger [43], TimIot 
and Khlopkina [44], Moszynski [45], Dudziak and Franck 
[46], Bett and Cappi [47], Horne and Johnson [48], 
and Agayev and co-workers [49-51]. The work of Tanaka 
and co-workers [52], Nagashima and Tanishita [53] and 
Rivkin and co-workers [54, 55, 102] was -carried out 
under high pressure as well as high temperature. Of all 
these, only references [43, 44, and 45] were available in 
1964. . 

Dudziak and Franck [46J covered the wide range of 
up to 560°C and 350 MPa with the aid of the oscillating
disk method but with a somewhat less satisfactory repro
ductibility. The data in [47] and [48] are given in terms 
of temperature and density rather than pressure and are, 
therefore, inconvenient as material for a precise analysis_ 

Reference [45] was used as one of the few primary 

sources for the 1964 ST, but at 100°C it gave values 
which were lower than indicated by the most recent 
measurements. 

The most extensive and precise set of data on water is 
contained in [49-51} and covers a temperature range 
0-270 °C with pressures up to 120 MPa. These measure
ments indicate that the initial pressure derivative along 
an isotherm changes sign from negative to positive at 
about 32°C, confirming older estimations. 

Above 300°C there exist two sets of systematic meas
urements, namely [53] with an estimated precision of 
2-3% and [54, 55, 102] with one of 1 %. The two sets 
show mutual deviations of 2-5% in this range even though 
they enjoy much closer agreement in the steam region. 

The older data of [56-62], as well as the more recent 
data of [63, 64] do not, in the writer's opinion, enjoy 
comparable credibility. 

2.4. Viscosity of Steam at Atmospheric Pressure 

In 1964 there existed only two sets of measurements of 
the viscosity of steam at atmospheric pressure in a wide 
range of temperatures, namely those of Shifrin [65] and 
Bonilla, Wang, and Weiner [66]. The sets have a system
atic, mutual deviation reaching 4% and the 1964 ST com
promised with the linear equation of Shifrin [65]. The 
more recent measurements of Latto [67], Sato and co
workers (extrapolated) [68,69] and Timrot and co-workers 
[70] agreed with the 1964 ST within their quoted experi
mental error. However, especially at high temperatures, 
the situation has not improved much since 1964. The more 
precise values of [68-70] are restricted to a maximum 
temperature of 505°C, while the most extensive measure
ments [67] cover the range up to 1100 °C albeit with 
scattered deviations of up to 2 % with respect to the 
paper's own correlation. 

The capillary method was used in most measurements 

except for [70] in which the oscillating disk was em-

"1:.r COE 
DEICHER 

o WEBER 

2 

o 

0.4 

0.2 0 ___ 

o HARDY 
\l KOROSI 
(> KORSON 

0 

• SWINDELLS 0 TABLE 3 
& ROSCOE --- EQ.,NAGASHIMA 
• MALYAROV (APPENDIX V) 

0 
0 o -~,-Q~ 

/' 

0 ----
.,,-

II! (0 
.... 0 --- I < O~~-------.r---~~--~~--~pj-----~~~-----------------~ 

~ -0.2 ~~~.~-_t!-_-~_~-_-_~==--==! 0 0 ~ 
-o.41~ _______________________________ o __ -_---_b_~_-_____ --_-~l 
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TEMPERATURE 

80 
OC 
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FIGURE 2. Deviations of experimental data from equation (6}-water at atmospheric pres~mH 
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VISCOSITY OF WATER SUBSTANCE 1137 

ployed. Additional, but 1ess significant measurements 
[71-76, 136J are also available in the range under dis
cussion. 

In the region of combined high pressure and high tem
perature direct experimental determinations become very 
difficult to perform. One alternative is to attempt to make 
calculations based on Enskog's theory for hard spheres 
and to relate them to· accurate values of the viscosity }to 

extrapolated to zero density. Without any essential loss, 
the latter can be replaced by the viscosity fll at atmos
pheric pl'essure. Calculations of this value, such as for 
example Krieger's [77], agree fairly well with experi
menLal data but cannot, really, substitute for them. 

Reliable values of JJ-o (or /-Ll) can play a role in the 
estimation of the realiability of thermal conductivity, as 
proposed by Thoen-Hellemans and Mason. 

2.5. Negative Pressure Effect on the Viscosity of Steam 

The existence of a negative effect of pressure on the 

viscosity of steam at sub critical temperatures was first 
discovered in 1960 by Kestin and Wang [78J-I and con
firmed by later measurements in the same oscillating-disk 
instrument L 45, 80 J. These data were fully taken into ac
count in the formu1ation of the 1964 ST. All doubts con
cerning the existence of this effect have been decisively 
dispelled by later investigators who employed an alterna
tive method. Rivkin and co-workers [81, 82] covered the 
range up to 450°C in a closed-circuit capillary viscom
eter, whjJe Sato et a1. [68, 69] used a once-through capil
lary viscometer. Both sets of measurements showed very 
good agreement with the data obtained. at Brown Univer
sity. 

There exist many older measurements [83-93] which 
failed to identify the negative effect. Some were in error 
due to unsuitable flow conditions, such as excessively large 
Reynolds numbers in falling-body viscometer, failure to 
eliminate turbu1ence in a nozzle viscometer or of second
ary flow in coiled-capillary instruments. 

Barua and Gupta [94] made an attempt theoretically 
to calculate the negative pressure effect and hypothesized 
that it may be due to the formation of clusters of H~O 
molecules. An analogous negative pressure effect was re
cent)y discovered in D;!O by Abe and Nagashima [95]. 

Many gases of simple molecules approximately foHo\-'T 
the common rule that the viscosity excess 

£1p. = }leT, p) - }lo(T, 0), (4) 

can be expressed as a function of density alone, flo de
noting the value of viscosity extrapolated to zero density 
isothermally. The 1964 ST adopted this rule for steam in 
the temperature range 375-700 °C, but some grid points 
along the near-critical 350°C isotherm were left blank 
due to the lack of reliable experimental data and to a 
suspected critical anomaly. 

Recent measurements show that the rule embodied in 
( 4) is inadequate for steam even as an approximation, 

particularly along the 375°C isotherm. Nagashima, Murai, 
and Tanishita [96] measured the pressure dependeIlce of 
the viscosity of steam starting with 250°C where the 
negative pressure effect is significant and showed that (4,) 
led to an acceptable approximation, that is one within the 
experimental error, only at temperatures above 600°C. 

The variation of the derivative 

(a}l/aPh 
with temperature has been p10tted in figure 3. The broken 
line corresponds to the hypothesis that the viscosity ex
cess is a sole function of density. 

2.6. Viscosity of Steam under High Pressure in the 
Range 375-500 °C 

Tn t"h;<; re[,;c'ID, the 106.1. ST was constructed on the 

basis of the hypothesis that the excess viscosity was a 
function of density alone. The data used were those· of 
Timrot [97J ~ Timrot and Khlopkina [44], Whitelaw [98] 
and Mayjnger [43J. The other d~ta found in the litera
ture, including [99, 100] and [135], were considered less 
reliable. The measurements obtained in 1964 by Tanaka 
and co-workers [52] and in 1965 hy Ray [lOl] are very 
close to the values in the 1964 ST. However, later meas
urements, namely those of Nagashima et a1. [53] and 
of Rivkin et a1. [82, 103, 104,] pub1ished during the 
period 1963--1974 showed considerable deviations. For 
example, the maximum discrepancy in the range 20 MPa 
to 4·0 MPa was three times larger than the already large 
tabular tolerance (j.e. 131;). A look at figure 4 which 
plots the deviations of the data in [43, 44, 52, 97~ 

101] from equation (6) reveals the existence of syste
matic departures from the data of refs. [53, 82, 98, 
102, 103, and 104] seen represented graphical1y in fig
ure 5. The origin of such systematic differences could be 
attributed, as was suggested in [53] and [105], to the 
presence of unsuitable flow conditions in the instruments. 
In this range the kinematic viscosity is low and the flow 
can easily turn turbulent, especially in the metallic capil
laries used in these references, given that the internal walls 
cannot he made satisfactorily smooth. Under such condi-

5 r-----~----~--~----~----~----~----~ 

! 

-5 I.----~-_I.___---l __ .......l ___ ~ __ __"_ __ --I 

100 500 
TEMPERATURE 

800 
·c 

FIGURE 3. Vafiation of the pressure dependence of the viscosity of 
cteo.m at 0.1 TVIPa 
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FIGURE 4. Deviation of experimental data from equation (6) -Group I (steam) 

tions, the flow can become turbulent at a critical Reynolds 
number which is considerably lower than the oft-accepted 
limit of 2300. The authors of references [53, 81, 82, 103, 
and 104] took extreme care in this respect. Since all of 
the data mentioned above were obtained in capillary-flow 
assemblies, future measurements based on another prin
ciple, [106], would be helpful. The only data obtained in 
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an oscillating-disk instrument, r 46J, are not sufficiently 
precise to throw light on this problem. 

Experimental data are available up to 900 °C, [52, 53] ; 
their existence made it possible to extend the limits of 
pressure and temperature in the new lAPS representation 
from the 700°C and 80 MPa of the 1964 ST to the pres
ent 800°C and 100 MPa. 
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VISCOSITY OF WATER SUBSTANCE 1139 

2.7. Viscosity of Water and Steam in the Critical Region 

The existence of the so·called critical anomaly has been 
experimentally confirmed in recent years with respect to . 
a range of properties and substances. The preceding term 
describes the departures from classical behavior of the 
real properties of substances in a smalier or larger region 
encompassing the critical point. The critical anomaly in 
viscosity is expected to b{: a weak one [I07] as evidenced 
in experiments in CO,2 ! 108, 109J, ethylene [llO] and 
several other substances 1111]. 

The only measurement~ of the critical anomaly in the 
viscosity of steam are those by Rivkin et al. [112J who 
employed a capillary viscometer. The results of these meas
urements are shown in figure 6. Measurements in the 
critical region can easily be falsified by a choice of the 
wrong method. As far as viscosity is concerned: measure
ments with an oscillating disk enjoy a distinct advantage 
over the transpiration nH:thod. The results can further be 
considerably falsified by the improper selection of the 

equations of state, critical constants and temperature scale. 
When the transpiration method is used the instrument 
measures, essentially, the kinematic viscosity; this means 
that an error in density enters directly into that of the 
dynamic viscosity. Furth(;rmore, it now becomes essential 
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to account for the variation in density along the flow path. 
In this connection it is worth realizing that the difference 
between the density calculated at the same near-critical 
point with the aid of 1967 IFC formulation [113] and 
the 1968 IFC formulation [114 J, both extensively used 
throughout the world, can reach as much as 4.5% as is 
the case at 375°C and pi pc = 0.89. Similarly, the inher
ent difference in temperature scales between the IPTS-48 
and IPTS-68 induces a difference of 0.67c in the calcu
lated density at 375.6 °C and 23 MPa. Finally, one must 
not forget that the two formulations stipulate different 
critical constants. 

The critical anomaly in the PVT relation should be 
taken into account when viscosity measurements in the 
near-critical region are being evaluated. At present, the 
situation is unclear and a meaningful analysis of the criti
cal anomaly in the viscosity of steam had better be left 
for the future. 

2.8. Vi:b(;o~ity of Water and Steam along the 
Saturation' Line 

The data available at the time when the 1964 ST were 
established were insufficient to define the values of the 
viscosity of saturated water and steam. Particularly scarce 
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6 375.0 I 
0 375.5 

I 0 376.0 
0 371.0 

--I V 380.0 
-0- 390·0 

2~50 300 350 400 
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FIGURE 6. Rivkin's data in the critical region 
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1140 A. NAGASHIMA 

were the data on saturated water. For this reason, the 
1964 ST made no recommendations for the values along 
the saturation line. 

In 1968 Nagashima et a1. [53] obtained experimental 
data which ,,>'ere much lower than the values estimated 
previously by Bruges et a1. [115 J and exhibited a steep 
rate of decrease along isotherms on the water side as the 
saturation line ·was approached. This was particularly pro
nounced, for example, along the 370 DC isotherm. This 
tendency was later confirmed by the precise investigations 
of Rivkin and coworkers [54" 104,] into the viscosity of 
saturated water and steam at higher temperatures. Precise 
values for saturated steam belo·w 100 DC can now be ex
tracted from more recent data at lower pressures [701. 
Older data in this region, [71-73J, obtained in an osci1-
lating-disk apparatus are not as reliable as those due to 
Timrot et a1. [70J. 

The correlating equation given in the Release (Appen
dix I) can be used right up to the saturation line on both 
sides. Table 6 give~ the corresponding output. 

2.9. Equations for Water and Steam 

Since 1964 numerous investigators published correiat
ing equations for the viscosity of water substance covering 
a wide range of pressures and temperatures. Here we may 
mention Sato and Minamiyama [116], Tanaka et a1. [52], 
Bruges et a1. [1153, Rivkin [117], Miyabe and Nishikawa 
[118], Bruges and Gibson [119J, Grigull et a1. [120J, 
Tanishita et a1. [121J, Stein [122J, Nagashima et a1. 
[53, 123 J, Kesselman et a1. [124, 125 J, Lukas [126], 
Mamedov et a1. [127] and Rivkin et a1. [128]. Many of 
these equations served merely to interpolate the 1964 ST 
and were not suitable to encompass the recent data. The 
equations of [117], [126J and [128J expressed the vis
cosity as an implicit function of temperature and pressure. 
A similar idea was employed by Tanishita et a1. [123J 
who correlated the region up to 1000 °C and 350 MPa 

in terms of temperature and pressure rather than tempera
ture and density. The proposal due to Miyabe and Nishi
kawa [1l8J contained the first equation which correlated 
the entire range of the 1964 ST in terms of temperature 
and density. The trends represented by the more recent 
experimental work described in section 2.6 were fully re
flected oniy in a limited number of correlations, among 
them refs. [53, 123] for the steam region and ref. (128] 
in the water region below 50 DC. From among all those 
eql1~tlon<; It w~~ po~~ihlp. 10 ~p.lp.t:t only two, n~ll1ply thF: 

equation due to Nagashima, Ikeda and Tanishita [129J 
on the one hand, and that proposed by Aleksandrov, Iva
nov and Matveev [130] on the other, for consideration 
as candidates for international adoption. 

3. New Skeleton Table and Interpolation Equations 

3.1. Outline of the Activities of lAPS in the Matter of 
Compiling and Evaluating Data 

The situation concerning experimental data described 
in section 2 forced upon lAPS the awareness that a revi-
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sion of the 1964 ST ·was inevitable, and the task of achiev
ing it was entrusted to Working Group II. Within its 
framework, three teams, one each in Germany, Japan and 
the Soviet Union, independently collected and analyzed 
all available data. Intermediate results as well as criteria 
for the exercising of scientific judgement·were discussed 
at the April 1973 meeting of the Group in Hanover. The 
~T orking Group resolved to recommend to the Eighth In
ternational Conference on the Properties of Steam a for
mal revision of the 1964 5T and an extension of the range 
to 800 DC and 100 MPa. The question as to whether to 
favor a new skeleton table or a global correlating equation 
aroused much controversy. At the next meeting in Sep
tember 1973 in London two sets of collected data, later 
designated Available Data, [131J and [132], were pro
duced. These served as a foundation for the selection of 

TABLE 2. Primary references of selected experimental data 
(International Input) 

Evalu-
ated 

preci-
Author Region Method sion Reference 

White 1913 1 0.5% 18 
Coe 1944, 1 0.3 22 
Hardy 1949 I 0.5 23 
Swindells 1952 1 1 0.1 5 
Weber 1955 1 0.3 26 
Roscoe 1958 2 0.1 27 
Maharo"\' 1959 0.1 34 
Hallett 1963 0.3 29 
Korosi 1968 0.5 30 
Korson 1969 0.3 31 
Eicher 1971 I 0.3 .% 
Shifrin 1959 2 3 65 
Latto I 1965 2 3 67 
Sato (reca1c.) 1968/70 2 l.5 68,69 

Timrot (recalc')j 1973 2 0.4 70 
Moszynski 1961 3 2 2 45 
Mayinger I 1962 3 2 43 
Tanaka I 1965 1 2 52 I 

Agaye\' 
I 

1968 3 I 49,50 
Nagashima 196& 3 1 2 53 
Kerimov I 1969 51 I 
Rivkin /1970/72 3 54,55,102 
Whitelaw 

.1 
1960 4, I 4 98 

Kestin 1960 4 2 78 
Kestin ! 1962- 4 2 0.8 80 
Nagashima I 1968 

4, 1 3 53,96 
Sato 1968/70 1.5 68,69 
Rivl:in :6g/70/n d gl, 22,103, 

I 104 
Timrot I 19720 0.4 70 
Whitela·w ]960 4 98 
Mayinger 1962 3 43 
Nagashima 1968 53 
Tanaka 1965 52 

Region: Methods: 

1. Water at all1losph. prel'sure. 1. Capillary flow. 
2. Steam at atmosph. pressure. 2. Oscillating body or vessel. 
3. Pressurized water. 
4. Steam < 550 ° C. 
5. Steam > 550°C. 



VISCOSITY OF WATER SUBSTANCE 1141 

primary data on which to base the new international 
representation. Certain data were deleted or corrected; 
they are seen listed in Appendix III~ and the justification 
for this action can be found in [133 J. 

The critical evaluation and the selection of a primary 
set of data together· with levels of uncertainty to be asso
ciated with them~ later designated as. the International 
Input, was completed at the meeting in Moscow in May 
1974. This is seen listed in table 2. From these, the teams 
in Japan, [129J, and the USSR, [130], distilled corre
lating equations as drafts to be considered by lAPS for 
adoption. The coefficients in them were determined to 
minimize the weighted sum of the square of differences." 
The team in Germany worked to deduce a skeleton table 
directly from experimental data [134J. 

The Eighth International Conference on the Properties 
of Steam held at Giens, France in September, 1974~ uffi

cially announced that the 1964 ST was considered obso
lete, and designated a Special Committee for the purpose 
of finalizing the new representations on the viscosity and 
on the thermai conductivity. The Special Committee, con
sisting of representatives of France, the Federa1 Republic 
of Germany, Japan, the USA and the USSR" met at 
Schliersee,Germany, in Aprll, 1975, and carne to a final 
agreement on the new representa60n of the viscosity of 
water and steam. This consisted of a skeleton table di
rectly deduced from experimental data and an interpola
tion equation. Details of the new representation and com

parisons with experimental data are given in the following 
sections. 

3.2. Primary Data 

The primary references ("International Input") chosen 
as a basis for the new international correlation are seen 
listed in table 2 together with their weights. Table 2 is 
the fruit of almost two years of effort contributed by an 
international team of experts, lAPS's Working Group II 
on Transport Properties. 

The criteria on which the selection reflected in table 2 
was made included the consideration of 

(a) the ranges of temperature and pressure adequate 
for the new representation 

(b) the reliability of the measuring method 
r c) the scatter in the data 

(d) adequacy of the presentation of the data 
(e) date of the measurement~ 
(f) ."lIffi~if'ncy of the description of the procedure. 

Of course, the quality of the measurements was evaluated 
from many additional points of view, such as the ade
quacy of the BOiV conditions~ the quality of the design of 
the apparatus, the author's· ovm error estimate~ the influ
ence of possible secondary eflects. the magnitude and 
method of calculation of th~ correcti~n applied: and so on. 
All data listed in table 2 were selected after exhaustive 
discussions and subject to unanimous agreement among 
the members of the working group. 

5 Minor differences in approach, C:cscribcd in [129] and :130] in morc detai:. 
can he ignored here. 

Even though the references which constitute the Inter
national Input have been mentioned before, some addi
tional remarks may be helpful. In Region 1 ('water at 
atmospheric pressure) the critical survey given in section 
2.2 suggests that only three references, namely [5J, [27J 
and [34J should be retained as an absolute basis, the 
remaining daia being used in the form of the ratic 
fL (t) / fl- (20°C). Of these, all but one used the capillary 
method. The data published before 1944, except one [18J, 
were discarded. 

In the steam region at atmospheric pressure the data 
in [68, 69, 70, and 80J are thought to be burdened 'with 
the least experimenta1 errors; they agree well with each 
other. References [20, 35 J include data for supercooled 

water. 
In the superheated stearn region the data by Kestin et 

a1. [78, 80J, Saw et a1. r03, 09J, Wl1lLehlw [93J, Nae;Ct
shima et a1. [53] and Rivkin et a1. [8], 82, 103, 104] 
were adjudged re1iable. The data by Mayinger [43] and 
Tanaka et a1. [52J for T > 550°C were also considered 
reliable. The other data show deviations from 

them, as already explained in section 2.6. The data of 
[43J and [52] for T" < T < 550°C show systematic 
deviation from those of Nagashima et a1. and Rivkin et 
al. in the subregion where the kinematic viscosity is smal1. 
The 1964, ST shows the largest deviation from the recent 
data precisely in this region. The existence of unfavorable 
flow conditions can be blamed, as suggested in section 2.6. 
For this reason, the data in these two references were 
included only for the liquid state and above 550°C in 
the gaseous state. 

Except for the region of water at atmospheric pressure, 
data published after 1964, were retained in view of the 
degree of progress in measuring technique and theoretical 
understanding achieved hy then. 

The body of primary data made jt possible to establish 
the new representation of the viscosity of water and 
steam. The range could now be extended to 800°C and 
100 MPa, as contrasted 'with 700°C and 80 MPa of the 
1964· ST. The ranges of these two representations are seen 
juxtapo5cd in fi~ure 7. Examp1es of the trend::; inherent 

in the primary data will be given in section 3.5. 

3.3. Skeleton Table Deduced from Experimental Data 

U. Grifwll [.39J discussed the general philosophy undel'. 
lying the process of correlating the selected set of experi
mental data jnto a skeleton tubie und un equation. He 

pointed out that the equation 'which might replace the 
skeleton tabie must fulfill the fol1owing two requirements. 

(a) The measurements must be represented without sys
tematic deviations. 

(b) The surface defined by the equation must be real
istic from the physical point of view. 
To this it is necessary to remark that there is only a 
slender probability that an equation satisfying both cri
teria can be established. Furthermore, even though the 
present situation was vastly improved compared with that 
which existed in 1964,: the lAPS Working Group reached 
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the conclu:sion that the limited reliability of the available 

ex:perimental data made it impossible to produce a cor
relation free from systematic departures. For this reason 
it was decided to deduce the skeleton table directly from 
the selected data rather than from a smoothed, theoreti
cally reasonable equation. 

The final action based on the resolution adopted by the 
Eighth ICPS consisted of a skeleton table and an interpo
lation equation; the latter will be discussed in the next 
section; the method of obtaining the former will be dis
cussed presently. 

The skeleton tables, table 3 and 4, are based on the 
original experimental data of the primary references listed 
in table 2. The first step was to reduce the data to a 
standard grid in terms of pressure and temperature. In 
this manner at each grid point there are generated several 
alternative values which are then combined into one value 
by weighted averaging. The reduction of a datum to a 

predetermined grid node is achieved with the aid of the 
relation 

(-'(PU, To) ~ (-,(p, T) + [f(po, To) - j(p, T)], (5) 

where po, T.o,· p, T are the density and temperature, re
spectively, at the grid point and at the experimental point. 
Similarly, the function:s fCpo, T.o) and j(p, T) represent 
the viscosity at the grid point and under experimenta] 
conditions, respectively; they are calculated with th~ aid 
of a first approximation to the interpolation equation, eq 
(6) of the section following. In applying this procedure 
it is very important to confine the differences T -T.o and 
p-po to a very narrow interval. The density was calculated 
with the aid of the 1967 IFC Formulation [113]. The 
weighting factors used corresponded to the estimated reli
ability listed in table 2. Even though the number of data 
points differs appreciably from reference to reference, no 
statistical adjustment was made to compensate for these 
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differences. It is clear that in the present method the 
adopted value at the' grid point tends to be closer to the 
set of experimental data which contains more individual 
points if the weighting factors do not differ too much 
from each other. This is a clear flaw but its remedy is 
left for future study. 

The new skeleton table, table 3, is smooth within the 
recommended tolerances which are also given in the table. 
The term "tolerance" here designates the agreed-upon 
uncertainty and is not related in any direct way to the 
experimental errors or to the standard deviation. 

3.4. Interpolation Equation 

The Eighth I CPS adopted the form of the interpolation 
equation proposed to it by Aleksandrov, Ivanov, and 
Matveev [130J. The equation given below serves to inter
polate the values in table 3 with departures not exceeding 
the accepted tolerances: 

[
p 5 4 (T* 

f.L = f.Lo exp -; L: 2..: bij -
P i=Oj=O T 

where 

f.Lo = [T.-Jl/2 [t ak (T*)kl-l, 
f.LPa . s T* k=O T.J 

I" denotes the dynamic viscosity 
p denotes density) 

(6) 

T denotes absolute temperature on the 1968 Practical 
Temperature Scale 

T* and p * denote numerical constants which are close 
to, but do not represent the corresponding 
critical constants 

ak and bij are numerical constants. 

The adopted values of the constants in eq (6) are given 
in table 5.' 

The preceding equation can be used [130] in practice, 
with reduced reliability, over a wider range of states than 
originally intended. It can be used to 1000 MPa in the 
range - 20°C to 100°C (liquid phase), to 350 MPu 

between 100°C md 560°C and to 100 MPa in the range 
560 °C-9oo DC. In this manner the viscosity of water 
and steam has been described over the whole range of 
interest with the aid of a single equation with temperature 
and density as its independent variables. Tables 6 and 7 
contain smooth values calculated with the aid of this equa
tion. Figures 8 and 9 depict the dependence of viscu:siLy 
on temperature and pressure, whereas figures 10 and 11 
represent the kinematic viscosity. In order to retrieve the 
same values, it is necessary to calculate the density with 
the aid of the 1968 IFC Formulation [114] (for calcu
lated specific volumes, see Appendix IV). 

The lAPS minutes of its meeting in Schliersee in 1975 
as well as the Release, Appendix I, mention the existence 
of an alternative interpolation equation proposed by Naga
shima, Ikeda, and Tanishita [129] which is characterized 
in Appendix V. 

Even though the possible critical anomaly has not been 
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TABLE 3. Viscosity of water substance-critically evaluated experimental data 

Units: t ce, P MPa, p. lo-sPa's 

p 0 25 50 75 100 150 200 

0.1 1791 891.0 547.1 377.3 12.42 14.29 16.26 
18 8.9 5.5 3.8 0.25 0.29 0.33 

0.5 1790 891.2 546.7 378.0 281.7 182.3 16.05 
18 8.9 5.5 3.8 2.8 1.8 0.32 

1.0 1789 891.1 546.8 378.2 281.9 182.4 15.92 
18 8.9 5.5 3.8 2.8 1.8 0.32 

2.5 1786 890.8 547.1 378.5 283.3 182.8 134.6 
18 8.9 5.5 3.8 2.8 1.8 1.4 

5.0 1780 890.3 547.7 379.2 283.1 183.4 135.2 
18 8.9 5.5 3.8 2.8 1.8 1.4 

7.5 1774 889.8 548.3 379.8 283.8 184.1 135.9 
18 8.9 5.5 3.8 2.8 1.8 1.4 

10.0 1768 889.4 548.7 380.4 284.7 184.7 136.4 
18 8.9 5.5 3.8 2.9 1.9 1.4 

12.5 1762 889.1 549.1 381.0 285.3 185.3 137.0 
18 8.9 5.5 3.8 2.9 1.9 1.4 

15.0 1756 888.7 549.5 381.6 286.0 186.0 137.6 
IB 9.9 5.5 3.S 2.9 1.9 1.4 

17.5 1750 888.5 550.0 382.3 286.7 186.9 138.2 
18 8.9 5.5 3.8 2.9 1.9 1.4 

20.0 1744 888.2 550.4 382.9 287.4 187.3 138.8 
17 fig 5.5 !tR 2.9 1.9 V1 

22.5 1738 887.9 550.9 383.5 288.0 187.9 138.4 
17 8.9 5.5 3.8 2.9 1.9 1.4 

25.0 1733 887.6 551.3 384.2 288.7 188.5 140.0 
17 8.9 5.5 3.8 2.9 1.9 1.4 

27.5 1728 887.4 551.8 384.8 289.4, 189.1 140.6 
17 8.9 5.5 3.9 2.9 1.9 1.4 

30.0 1723 887.2 552.3 385.5 290.0 189.8 141.2 
17 8.9 5.5 3.9 2.9 1.9 1.4 

35.0 1713 886.8 553.3 386.7 291.4 191.0 142.3 
17 8.9 5.5 3.9 2.9 1.9 1.4 

40.0 1705 886.6 554.3 388.0 292.7 192.2 143.5 
17 8.9 5.5 3.9 2.9 1.9 1.4 

45.0 1697 886.5 555.3 389.3 294.0 193.4 144.6 
17 8.9 5.6 3.9 2.9 1.9 1.~ 

50.0 1690 886.4 556.3 390.6 295.4 194.6 145.8 
17 8.9 5.6 3.9 3.0 2.0 1.5 

55.0 1684 886.5 557.4 392.0 296.7 195.8 146.9 
17 8.9 5.6 3.9 3.0 2.0 1.5 

60.0 1679 886.7 558.5 393.3 298.0 197.0 148.0 
17 8.9 5.6 3.9 3.0 2.0 1.5 

65.0 1674 886.9 559.7 394.6 299.4 198.2 149.0 

17 8.9 5.6 4.0 3.0 2.0 1.5 
70.0 1670 887.3 560.9 395.9 300.7 199.4 150.1 

17 8.9 5.6 4.0 3.0 2.0 1.5 
75.0 1666 887.7 562.0 397.8 302.0 200.6 1:i1.2 

17 8.9 5.6 4.0 3.0 2.0 1.5 
80.0 1662 888.3 563.3 398.6 303.4 201.8 152.3 

17 8.9 5.6 4.0 3.0 2.0 1.5 
85.0 1659 88S.S 564.5 400.0 301.6 203.0 153.3 

17 8.9 5.7 4.0 3.1 2.0 1.5 

90.0 1656 889.5 565.8 401.4 305.9 204.2 154.3 

17 8.9 5.7 4.0 3.1 2.0 1.5 

95.0 1653 890.3 567.1 402.8 307.3 205.4 155.4 
17 8.9 5.7 4.0 3.1 2.1 1.6 

100.0 1651 891.1 568.4 404.2 308.6 206.5 156.4 
17 8.9 5.7 4.0 3.1 2.1 1.6 
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TABLE. 3. Viscosity of water suhstance-critically evaluated experimental data-Continued 

Units: t DC, P MPa, fl lO-sPa's 

p 250 300 350 375 400 425 450 

0.1 18.30 20.36 22.43 23.45 24.47 25.49 26.50 
0.37 0.41 0.45 0.47 0.49 0.51 0.53 

0.5 18.16 20.25 22.32 23.43 24.44 25.49 26.53 
0.36 0.41 0.45 004,7 0.49 0.51 0.53 

1.0 18.09 20.21 22.29 23.40 24.43 25.49 26.53 
0.36 0.40 0.45 0.47 0.49 0.51 0.53 

2.5 17.85 20.07 22.22 23.37 24.41 25.49 26.54 
0.36 0.40 0.44 0.47 0.49 0.51 0.53 

5.0 106.5 19.88 22.15 23.33 24.42 25.52 26.60 
1.1 0.40 0.44 0.47 0.49 0.51 0.53 

7.5 107.2 19.75 22.12 23.34 24.46 25.58 26.68 
1.1 0.40 0.44 0.47 0.49 0.51 0.53 

10.0 107.8 87.1 22.16 23.39 24.52 25.65 26.75 
1.1 1.7 0.44 0.47 0.49 0.51 0.53 

12.5 108.5 88.0 22.35 23.57 24.69 25.81 26.91 
1.1 1.8 0.45 0.47 0.49 0.52 0.54 

15.0 109.1 89.0 22.84 23.88 24.98 26.06 27.13 
1.1 1.8 0.46 0.48 0.50 0.52 0.54 

17.5 109.8 89.9 67.3 24.49 25.37 26.38 27.42 
1.1 1.8 2.0 0.49 0.51 0.53 0.55 

20.0 1l0.4 90.8 69.5 25.85 26.03 26.83 27.80 
1.1 1.8 2.1 O.5Z O.5Z 0.54 0.56 

22.5 111.1 91.6 71.4 48.2 27.11 27.50 28.31 
1.1 1.8 2.1 3.9 0.54 0.55 0.57 

25.0 111.7 92.4 73.0 58.8 29.10 28.43 28.99 
1.1 1.9 2.2 1.2 0.58 0.57 0.58 

27.5 112.3 93.1 74.4 62.4 33.88 29.81 29.84 
1.1 1.9 2.2 1.2 0.68 0.60 0.60 

30.0 112.9 93.9 75.7 64.9 43.97 31.84 30.97 
1.1 1.9 2.3 1.3 0.89 0.64 0.62 

35.0 114.1 95.3 78.0 68.6 56.4 39.47 34.19 
1.1 1.9 2.3 1.4 1.1 0.79 0.68 

40.0 115.3 96.5 79.9 71.3 62.1 49.26 39.16 
1.2 1.9 2.4 1.4 1.2 0.99 0.78 

45.0 116.4 97.8 81.7 73.7 65.8 55.6 44.87 
1.2 2.0 2.5 1.5 1.3 1.1 0.90 

50.0 117.6 99.0 83.4 75.9 68.2 60.1 SO.5 
1.2 2.0 2.5 2.3 2.0 1.8 1.5 

55.0 118.7 100.2 84.9 77.8 70.9 63.6 55.3 
1.2 2.0 2.6 2.3 2.1 1.9 1.7 

60.0 119.7 101.3 86.3 79.5 73.1 66.1 59.2 
1.2 2.0 2.6 2.4 2.2 2.0 1.8 

65.0 120.8 102.5 87.7 81.0 75.2 68.1 62.3 
1.2 2.1 2.6 2.4 2.3 2.0 1.9 

70.0 121.9 103.6 89.0 82.5 76.9 70.5 64.9 
1.2 2.1 2.7 2.5 2.3 2.i 2.0 

75.0 122.9 104.6 90.3 83.9 78.5 72.2 66.9 
1.2 2.1 2.7 2.5 2.4, 2.2 2.0 

80.0 123.9 105.6 91.4 85.2 79.9 74.0 68.3 
1.2 2.1 2.7 2.6 2.4 2.2 2.1 

85.0 124.9 106.6 92.6 H6.4 81.4 "~.Ii '/0.2 

1.3 2.1 2.8 2.6 2.4 2Q 2.1 
90.0 125.9 107.6 93.7 87.5 82.7 77.2 72.3 

1.3 2.2 2.8 2.6 2.5 2Q, 2.2 
95.0 126.9 108.6 94.7 88.7 83.6 78.6 73.8 

1.3 2.2 2.8 2.7 . 2.S 2.4 2.2 
100.0 127.9 109.6 95.8 89.8 . 3S.0 79.8 74.6 

1.3 2.2 2.9 2.7 2.6 2.4- 2.2 
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TABLE. 3. Viscosity of water substance-critically evaluated experimental data-Continued 

Units: t 1 Q--r, Pa 's 

1.0 27.51 28.52 30.53 32.55 34.n :in./') RK() 4.0:1 

0.55 0.86 0.92 0.98 1.0 1.1 1.2 1.2 
0.5 27.57 28.64 30.67 32.77 34.7 36.7 38.5 40.3 

0.55 0.86 0.92 0.98 1.0 1.1 1.2 1.2 
1.0 27.58 28.65 30.68 32.79 34.8 36.8 38.5 40.4 

0.55 0.86 0.92 0.98 1.0 1.1 1.2 1.2 
2.5 27.59 28.66 30.72 32.84 34.8 36.8 38.6 40.4 

0.55 0.86 0.92 0.99 1.0 1.1 1.2 1.2 
5.0 27.66 28.73 30.82 32.77 34.9 36.9 38.7 40.6 

0.55 0.86 0.92 0.98 1.1 1.1 1.2 1.2 
7.5 27.76 28.81 30.94 32.87 34.9 37.0 38.8 40.7 

0.56 0.86 0.93 0.99 1.1 1.1 1.2 1.2 
10.0 27.82 28.95 31.08 33.02 35.1 37.2 39.0 40.9 

U.~() 0.87 0.93 0.99 1.1 1.1 1.2 1.2 
12.5 27.98 29.09 31.19 35.2 35.2 37.4 39.2 41.1 

0.56 0.87 0.94 1.0 1.1 1.1 1.2 1.2 
15.0 28.18 29.30 31.44. 33.4 35.S 37.6 39.4· 41.2 

0.56 0.88 0.94. LV 1.1 1.1 1.Z 1.2 

17.5 28.42 29.49 31.70 33.7 35.7 37.8 39.6 41.4 
0.57 0.88 0.95 1.0 1.1 1.1 1.2 1.2 

20.0 28.76 29.81 31.98 33.9 35.9 38.0 39.8 41.6 
0.58 0.89 0.96 1.0 1.1 1.1 1.2 1.3 

22.S 29.17 30.17 32.38 34.2 36.2 38.2 39.8 41.9 
0.58 0.91 0.97 1.0 1.1 1.2 1.2 1.3 

25.0 29.70 30.56 32.73 34.6 36.5 38.5 40.2 41.9 
O~SQ 0.92 0.92 1.0 1.1 1.2 1.2 1.3 

27.5 30.33 31.08 33.11 34.9 36.8 38.7 40.4· 42.2 
0.61 0.93 0.99 1.1 1.1 1.2 1.2 1.3 

30.0 31.06 31.68 33.6 35.3 37.2 39.0 40.7 42.S 
0.62 OQS 1.0 1.1 1.1. 1.2 L? 1.R 

35.0 33.17 33.10 34.6 36.1 37.9 39.8 41.3 43.0 
0.66 0.99 1.0 1.1 1.1 1.2 1.2 1.3 

40.0 36.06 35.2 35.7 35.5 38.8 .. 40.4· 42.0 43.7 
0.72 1.1 1.1 1.1 1.2 1.2 1.3 1.3 

45.0 39.90 37.6 37,4 38.6 40.0 41.2 43.1 44.4 
0.80 1.1 1.1 1.2 1.2 1.2 1.3 1.3 

50.0 44.0 40.5 39.1 4D.O 40.6 42.2 43.7 45.3 
1.3 1.2 1.2 1.2 1.2 1.3 1.3 1.4 

!Jb.U 4CS.4 43.9 41.0 41.4- 41.8 42.5 44.6 45.9 
1.5 1.3 1.2 1.2 1.3 1.3 1.3 1.4 

60.0 52.3 47.6 43.1 41.7 42.9 43.2 44.8 46.6 
1.6 1.4 1.3 1.3 1.3 1.3 1.3 1.4 

65.0 55.5 50.8 4·5.1 43.2 43.9 44.2- 45.4- 46.8 
1.7 1.5 1.4 1.3 1.3 1.3 1.4 1.4 

70.0 58.8 53.7 47.5 44.8 44.3 44.4 46.2 47.4 
1.8 1.6 lA 1.3 1.3 1 !< 1.4 1.4 

75.0 61.3 56.2 49.7 45.7 45.5 4·5.6 46.8 48.1 
1.8 1.7 1.5 1.4- 1.4 1.4 1.4 1.4 

80.0 63.6 58.7 52.1 47.4 47.0 4,6.6 4·7.3 48.6 
1.9 1.8 1.6 1.4 1.4 1.4 1.4 1.5 

85.0 65.5 60.8 54.0 49.9 47.6 47.6 48.1 4·9.0 
2.0 1.8 1.6 1.5 1.4 1.4 1.4· 1.5 

90.0 67.3 62.8 55.8 51.4· 48.9 4·9.1 48.9 49.7 
2.0 1.9 1.7 1.5 1.5 1.5 1.5 1.5 

95.0 69.1 64.6 57.7 53.6 50.9 49.5 49.8 50.3 

2.1 1.9 1.7 1.6 1.5 1.5 1.5 1.5 

100.0 69.8 66.1 59.3 55.1 52.1 50.5 51.1 51.0 

2.1 2.0 1.8 1.7 1.6 1.5 1.5 1.5 

J. Phys. Chern. Ref. Data, Vol. 6, No.4, 1977 



1146 A. NAGASHIMA 

TABLE 4-. Vi"co"ity of "atura!ed wa!el' and o:ieam-criiica1Jy eval· 
lIalrd experimental data 

taken into account, the tolerances imposed in the cntIcal 
region were careful1y adjusted to encompass its expected 
value over most of the region,. that is with the exception 
of the rectangle defined by 

----

t Ps P. 
°C bar 10-6 Pa's 

0.00 0.00611 1792.60 
0.01 0.00611 1791.98 

10.00 0.01227 1305.46 
20.00 0.02337 1002.00 
30.00 0.04241 798.44 
40.00 0.07375 653.9.3 

50.00 0.12335 547.11 
60.00 0.19920 466.01 
70.00 3.31181 4·03.33 
80.00 0.47360 354.16 

90.00 0.70109 314.76 
100.00 1.01325 281.87 
110.00 1.43266 255.52 
120.00 1.98543 232.95 
130.00 2.70132 213.61 
140.00 3.61379 197.00 
150.00 4.75597 132.69 
160.00 6.18065 170.32 
170.00 7.92023 159.57 
180.00 ]0.02663 150.17 
190.00 12.55124 141.87 
200.00 15.54880 134.50 
210.00 ]9.07739 ]27.88 
220.00 23.19830 121.87 
230.00 27.97605 116.37 
240.00 33.47832 111.27 
250.00 39.77602 106.50 
260.00 46.94337 101.99 
270.00 55.05808 97.69 
280.00 64.20179 93.55 

290.00 74.46073 89.55 
300.00 85.92692 85.64 
310.00 98.70012 81.78 
320.00 112.89087 77.94· 
330.00 128.62522 74.00 
340.00 146.05170 69.82 
350.00 165.35124· 65.16 

360.00 186.75069 57.72 
370.00 210.54033 52.16 

371.00 213.06432 50.98 

372.00 215.61629 49.66 

373.00 218.19666 48.53 

374.00 220.80523 43.57 

374.15 221.20000 40.60 

TABLE 5. Constants in equation (6) 

z= U 1 

j=O 0.501 938 0.162 888 
1 0.235 622 0.789 393 
2 I -0.274 657 -0.745 539 
3 ! 0.145 831 0.263 129 
4 I -0.027 0448 -0.025 3093 

~ 

T':' 647.27 K 

p* 317.763 kg/rns 

ao = 0.018 1583 
al = 0.017 7624, 
a;.: - 0.010 5207 

a3 -0.003 6744 
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/1/1 

10-HPa's 

8.84-
8.84 
9.17 
9.52 
9.86 

10.18 
10.51 
10.88 
11.28 
11.65 
12.02 
12.37 
12.71 
13.04· 
13.37 
13.69 
14.02 
14.35 
14.69 
15.03 
15.38 
]5.74 
16.10 
16.46 
J6.83 
17.20 
]7.57 
17.94 
18.31 
18.69 
19.09 
19.53 
20.03 
20.64 
21.40 
22.39 
23.73 
25.68 
29.72 

30.65 

31.99 

34.22 
38.35 
40.60 

!P/Pel - 1 ~ OJ and IT/Tel - 1 ~ 0.005. 

3.5. Comparison of the New 'CPS Representation with 
Selected Experimental Dato 

The new tables and interpolation equations were de
duced directly from the experimental data which consti
tute the International Input, table 2. The deviation plots 
of figures 12-14 compare the output of the correlating 
equation with seJected experimental data in order to con
vey to the user the quality of the result. 

Figure 12 refers to the liquid phase and shows that the 
fit to the data of Agayev and Rivkin is very close. In the 
interval 300-370 °C, the data by Nagashima et a1. [53] 
appear systematically higher than those of Rivkin et a1. 
[54, 55], a1th ough no such systematic divergence exists 
between the same two data sets at lower temperatures. 

Comparisons describing the viscosity of steam at atmos
pheric pressure in the range 100-800 °C are contained in 
figure 13. The 1964 ST preferred Shifrin's data [65] 
which were systematically higher than Bonilla's [661. The 
figure brings out the fact that this bias was subsequently 
justified by the newer measurements performed by Latto 
[67], Sato et a1. [68, 69], and Timrot et al.[70]. It 
seems that more experimental investigations are needed 
at 100°C as well as at temperatures above 500 0c. 

Figure 14 contains the deviation plot for steam at high 
pressures. 

Figure 15 refers specifically to the 400°C isotherm 
and demonstrates the large discrepancies which exist along 
it between the new base line and 1964 ST. The selected 
experimental points confirm that the ne,,,, correlation rep
resents them with an improved accuracy and shows that 
they depart from the 1964, ST by more than the old 
tolerances. 

The 1064 and the new skeleton tables are seen com

pared along some typical isotherms in figure 16 which 
shows deviations of both from eq (6). These reveal the 

Numerical values of the coefficients Oij 

2: ;5 fl· 5 

-0.130 356 0.907 i)F! -0.S.')1 119 0.146 543 

0.673 665 

I 

J.207 f);:j:2 O.O()I 0665 -0.084 3370 
-0.959 <j,56 -O.()'-;'i :~'J:' -0.'1-97 089 0.190 206 

0.347 247 I 
0.21:-1 !j.gll 0.100 754- -0.032 932 

-0.026 7758 
I 

- O.HB2 2()()·; 0.060 2253 -0.020 2595 
i I 
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TABLE 6. Viscosity of water substance-calculated with the aid of equation (6) 

Units: t °C, P MPa, Jl lQ-6Pa's 

p 0.0 25.0 50.0 75.0 100.0 150.0 200.0 250.0 

0.1 1792 890.8 547.1 378.3 I 12.28 14.19 16.18 18.22 
0.5 1791 890.7 547.2 378.4 282.3 181.9 \16.07 18.15 
1.0 1790 890.6 547.2 378.6 282.4 182.0 15.93 18.07 
2.5 1786 890.2 547.5 378.9 282.8 182.4 133.8 117.83 
5.0 1780 889.7 547.9 379.6 283.5 183.1 134.5 106.1 
7.5 1775 889.3 548.3 380.2 284.2 183.7 135.1 106.8 

10.0 1770 888.9 548.7 380.8 284.8 184.4 135.7 107.5 
12.5 1764 888.4 549.1 381.5 285.5 185.0 136.3 108.2 
15.0 1759 888.1 549.6 382.1 286.2 135.7 137.0 108.9 
17.5 1754 887.7 550.0 382.7 286.9 185.2 137.6 109.5 
20.0 1749 887.4 550.5 383.4 287.5 186.9 138.2 110.2 
22.5 1744 887.1 550.9 384.0 288.2 187.6 138.8 llO.8 
25.0 1740 886.8 551.4 384.6 288.9 188.2 139.4 ll1.4 
27.5 1735 886.6 551.8 385.3 289.5 ]88.8 140.0 112.0 
30.0 1731 886.4 552.3 385.9 290.2 189.5 140.5 112.7 
35.0 1722 886.0 553.3 387.2 291.6 190.7 141.7 llS.8 
40.0 1714 885.8 554.3 388.5 292.9 191.9 14·2.9 115.0 
45.0 1707 885.6 555.3 389.8 294.2 193.2 144.0 IU>.! 

50.0 1700 885.5 556.4- 391.1 295.6 194.4 145.1 117.3 
55.0 1693 885.6 557.5 392.4 296.9 195.6 146.2 ll8.4 
60.0 1687 885.7 558.6 393.7 298.2 196.8 14·7.3 119.4 
65.0 1681 885.9 559.7 iS9b;U 299.6 198.1 148.4 120.5 

70.0 1676 886.2 560.9 396.4 300.9 199.3 149.5 121.5 
75.0 1671 886.6 562.1 397.7 302.2 200.5 150.6 122.5 
80.0 1667 887.1 563.3 399.1 303.6 201.7 151.6 123.6 
85.0 1663 887.7 564.6 400.4 304.9 202.9 152.7 124.6 
90.0 1659 888.4 565.8 401.8 306.3 204.1 153.7 125.5 
95.0 1655 889.1 567.1 403.2 307.6 205.2 154.8 126.5 

100.0 1652 890.0 568.5 404.6 309.0 206.4 155.8 127.5 

TABLE 6. Viscosity of water substance-calculated with the aid of equation (6)-Continued 

Units: t °C, P MPa, Jl lo-sPa's 

p 300.0 350.0 375.0 400.0 425.0 450.0 475.0 500.0 

0.1 20.29 22.37 23.41 24.45 25.49 26.52 27.55 28.57 
0.5 22.35 23.39 24.44 25.48 26.52 27.55 28.58 
1.0 22.32 23.37 24.42 25.47 26.51 27.55 28.58 
2.5 22.24· 23.32 24.39 25.46 26.52 27.57 28.61 
5.0 22.16 23.27 24.38 25.47 26.55 27.61 28.67 
7.5 22.13 23.28 24.40 25.52 26.61 27.70 28.77 

10.0 22.18 23.35 24.49 25.62 25.72 27.82 28.90 
12.5 22.39 23.52 24.65 25.77 26.88 27.98 29.06 
15.0 22.91 23.84 24.91 26.01 27.10 28.19 29.27 
17.S HQ lQ 66.8'1 24.45 25.32 26.34 ?7.3c) ?ft4n 29.52 
20.0 90.05 69.14 25.77 25.96 26.80 27.77 28.79 29.82 
22.5 90.87 71.00 47.44 27.02 27.44 28.26 29.20 30.18 
25.0 91.67 72.60 58.18 28.99 28.36 28.89 29.70 30.61 
27.5 92.45 74.02 61.91 33.62 29.70 29.71 30.31 31.11 
30.0 93.20 75.30 64.49 43.67 31.74 30.78 31.06 31.70 
35.0 94.64 77.59 68.24 55.74 39.26 33.99 33.07 33.19 
40.0 96.01 79.60 71.10 61.26 48.62 39.03 35.93 35.17 
45.0 97.32 81.43 73.48 64.95 55.01 45.18 39.71 37.69 
50.0 98.58 83.10 75.56 67.81 59.38 50.69 44.08 40.70 
55.0 99.81 84.67 77.44 70.20 62.70 55.03 48.37 44.03 
60.0 101.0 86.14 79.16 72.28 65.39 58.48 52.17 47.40 
65.0 102.1 87.53 80.75 74.15 67.69 61.32 55.40 50.56 
70.0 103.2 88.86 82.25 15.87 69.70 63.74 58.17 53.41 
75.0 104.3 90.13 83.66 77.45 71.52 65.86 60.57 55.95 
80.0 105.4 91.36 85.00 78.94 73.18 67.75 62.69 58.21 
85.0 106.4 92.54 86.28 80.35 74.73 69.4·6 64.59 60.24 
90.0 107.4 93;69 87.52 81.68 76.18 71.04 66.32 62.08 
95.0 108.4 94.80 88.70 82.96 77.55 72.51 67.90 63.76 

]00.0 109.4- 95.89 89.85 84.18 78.85 73.90 69.37 65.31 
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T,'IIlLE fl. Vi~c(\sil)' of waIn substance-calculated with the aid of equation (6)-Continued 

Units: t oC, P MPa, 
-----------_. _._---

--:-1 550.0 600.0 650.0 

0.1 30.61 32.61 34.60 
0.5 30.61 32.63 34.61 
1.0 30.63 32.64 34.63 
2.5 30;67 32.70 34.70 
5.0 30 . .76 32.81 34.82 
7.5 30.87 32.93 34.95 

10.0 31.01 33.09 35.11 
12.5 31.18 33.26 35.29 
15.0 31.38 33.46 35.48 
17.5 31.62 33.68 35.69 
20.0 31.89 33.92 35.93 
22.5 32.19 34.20 36.18 

-25.0 32.54, 34.50 36.45 
27.5 32.93 34.83 36.75 
30.0 33.37 35.20 37.07 
35.0 34.39 36.02 37.77 
4U.U ~.'>.65 ~6.Y7 ~l::l.55 

45.0 37.14 38.06 39.43 
50.0 38.88 39.29 40.39 
55.0 40.84 40.64- 41.44 
60.0 42.96 42.11 42.55 

65.0 45.19 43.66 43.73 
70.0 47.45 45.28 44.96 
75.0 49.65 46.93 46.22 
80.0 51.75 48.58 47.50 
85.0 53.72 50.20 48.79 
90.0 55.54 51.77 50.06 
95.0 57.25 53.28 51.31 

100.0 58.84 54.71 52.52 

TABLE 7. Viscosity of saturated water and steam calculated with 
the aid of equation (6) 

t fL fL" t fL 
, 

Jl" 
°C lO-GPa's 1O-6Pa's °C 10-GPa's 10-GPa's 

0.00 1791.9 9.22 220.00 121.0 ]6.49 
0.01 1791.3 9.22 230.00 ll5.5 16.85 

10.00 1307.6 9.46 210.00 llO.S 17.22 
20.00 1002.6 9.73 250.00 105.8 17.59 
30.00 797.7 10.01 260.00 101.5 17.98 
40.00 653.1 10.31 270.00 97.36 18.38 
50.00 ::'47.1 10.02 280.00 9.3.41 ]13.8U 
60.00 466.8 10.94 290.00 89.58 19.25 
70.00 404.4 11.26 300.00 85.81 19.74 
80.00 354.9 11.60 310.00 82.06 20.28 
9U.UU 315.0 11.93 320.00 78.27 20.89 

100.00 282.2 12.28 330.00 74.37 21.62 
110.00 254.9 12.62 340.00 70.21 22;52 
120.00 

I 
232.1 12.92 350.00 65.68 23.72 

130.00 212.7 13.32 355.00 63.12 24.51 
140.00 196.1 13.67 360.00 60.21 25.53 
150.00 181.9 14.02 365.00 56.61 I 26.97 
160.00 169.6 14.37 370.00 51.43 29.35 
170.00 158.8 14.72 371.00 50.07 30. II 
180.00 149.4 15.07 372.00 48.30 31.08 
190.00 141.0 15.42 373.00 46.07 32.51 
200.00 133.6 15.78 374.12 38.61 38.61 
210.00 127.0 16.13 I 

i -
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p. ID-6Pa's 

700.0 750.0 800.0 

36.55 38.48 40.37 
36.57 38.50 40.39 
36.59 39.52 40.402 
36.66 38.59 40.50 
36.79 38.73 40.63 
36.93 38.88 40.78 
37.09 39.04 40.94 
37.27 39.21 41.11 
37.46 39.39 41.29 
37.66 39.59 41.48 
37.89 39.80 41.68 
38.12 40.03 41.89 
38.38 40.27 42.12 
38.65 40.51 42.35 
38.93 40.78 42.59 
39.55 41.34 43.10 
40.2~ 41.Y4 43.65 
40.98 42.60 44.24 
41.78 43.29 44.85 
42.64 44.03 45.50 
43.55 44.79 46.17 

44.50 45.59 46.86 
45.48 46.41 47.56 
46.49 47.26 48.28 
47.52 48.11 49.01 
48.55 48.97 49.74 
49.59 49.83 50.48 
50.62 50.69 51.20 
51.62 51.53 51.93 

existence of considerable differences in the steam region 
between 375°C and 500 DC, 'which means that the toler
ances of 1964 were too optimistic. It is clear that the 
differences between the old and new formulations are due 
to the fact that they both have been calculated on different 
primary data bases as explained earlier in sections 2.6 
and 3.2. 

3.6. Effect of Differen't Sources for Values of Density 

When the density is calculated with the aid of 1967 
IFC Formulatjon widely used throughout the worldPs in
dustry, eq (6) will yield a viscosity value which is gener
ally 10lver than that resultinp: from the use of the 1968 
IFC Formulation. For example, at 350°C and 100 MPa 
this is lower by O.47r:, and at 375°C and 22.5 MPa the 
difference attains 2.2);. Typical comparisons are given in 
Appendix VI. The cITed of these two alternative sources 
for data on density at 375°C is described graphically in 
figure 17. This effect can he roughly summarized by not
ing that 

< O.56P/ p 

along the 100 °C isotherm 
(water phase) 

along the 300°C isotherm 
(,Yater phase) 

for P <Pc 
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4. Concluding Remarks 
Our collective knowledge of the viscosity of water and 

steam has now progressed significantly forward and has 
been crystallized into the new lAPS representation as a 
result of the considerable effort mounted during the last 
decade. 

One of the most interesting topics left for future study 
is the behavior of viscosity in the critical region. Neither 

the actual magnitude nor the functional form of this 
anomaly are now known satisfactorily. Similarly, a theo
retical study of the viscosity of both the liquid and the 
gas is still being awaited. 
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Appendix I 

The Eighth International Conference on the Properties 
of Steam, Giens, France, September 1974 

Release on Dynamic Viscosity of Water Substance 

September 1975 
Unrestricted publication allowed in aU countries. 
Issued by the International Association for the Proper

ties of Steam. 
President: 

'Professor Joseph Kestin, Brown University, 
Providence, Rhode hland 02912, USA 

Executive Secretary: 
Dr. Howard J. White, Jr., Office of Standard Refer
ence Data, National Bureau of Standards, Washington, 
D.C. 20234, USA 

After the Eighth International Conference on the Prop
erties of Steam (ICPS) held in Giens, France, in Septem
ber 1974., the Secretariat issued an Announcement. Thi~ 
stated that the International Association for the Properties 
of Steam (lAPS) has been instructed to prepare new 
representations of the viscosity and thermal conductivity 
of steam to replace those announced as a result of the 
Sixth ICPS in a Supplementary Release dated November 
1964. The representations contained in that Supplemen
tary Release are now considered obsolete. 

The Eighth ICPS designated a Special Comm.£Ucc, ('011-

sisting of representatives of France, the Federal Repllblj(· 
of Germany, Japan, the USA, and the USSR, with Pro

fessor J. Kestin of the USA, the lAPS President, as its 
convenor, for the purpose of finalizing the new represen
tations. 

The Special Committee met in Schliersee near Munich 
in April 1975 and in Ottawa in September 1975, and com
pleted its work' with respect to the representation of the 
dynamic viscosity of water substance. 

In accordance with a resolution of the Eighth Confer
ence, the material included in the present release was cir
culated to and approved by the Heads of all National 
Delegations attending the Eighth Conference (Canada, 
Czechoslovakia, Federal Republic of Germany, France, 
Hong Kong, Hungary, Japan, Netherlands, Poland, Switzer
land, United Kingdom, United States of America, and the 
Union of Soviet Socialist Republics). 

This Release on Dynamic Viscosity is now issued by the 
Secretariat under the full authority of the Eighth CUllfe!

ence, and presents in the accompanying Appendices the 
I nternational Representation of the Dynamic Viscosity of 
Water Substance. 1975. 

Work on thermal conductivity is still in progress and a 
Supplementary Release on the Thermal Conductivity of 
Water Su.bstance will appear at a future date. 

A full report of the meeting of the Working Group in 
Schliersee near Munich, Federal Republic of Germany, 
and in Ottawa, Canada is contained in the Offi·cial Reports 
of the Secretary which can be obtained by writing to 

Dr. Howard J. White, J r. 
Office of Standard Reference Data 
National Bureau of Standard~ 
Washington, D.C. 20234. USA 

Attachments: 

Appendices A, B, C, D, and E 

Appendix A 

The Spedal Committee considers that the existing data 
in the literature, which have been collected in the docu
ment, "International Input of the Dynamic Viscosity of 
Water Substance", K_ ScheIDer, N. Rosner, and M. Rp.l
mann, Institute A fuer Thermodynamik, Technische Uni
versitaet Muenchen, September 1973, revised December 
1974, are not sufficiently accurate and precise to anow 
definition of a two-dimensional representation that satis
fies an of the criteria for smoothness and physical plausi
bility that can logically be required of it. The Special 
Committee draws attention to this fact and hopes that 
additional measurements of superior quality will become 
available in the future. At the present time, the Special 
Committee issues a formulation consisting of a table and 
an equation. 

J. Phys. Chern. Ref. Data, Vol. 6, No.4, 1977 





1158 A. NAGASHIMA 

Part 1, Appendix B, contains a Tah1e of Critically Eval
uated Experimental Data which have been reduced to a 
uniform grid. The Table and the algorithm used for the 
reduction are given in the paper, "Draft of the Skeleton 
Table for Dynamic Viscosity of Water and Steam", by 
N. Rosner, M. Riemann, K. Schemer, and U. Grigul1, In
stitute A fuer Thermodynamik, Technische Universitaet 
Muenchen, January 1975. 

The table gives tolerances which constitute estimates of 
the reliability of the values given and which have been 
agreed upon by the Special Committee. 

Part 2, Appendix C, contains a Recommended Interpola
tion Equation. This equation fits the data given in Table 1 
within the tolerances assigned and is considered to be as 
good a formulation of these data as is available at the 
present time. A discussion of the equation and its deriva
tion is given in the Draft of the Skeleton Tables for Dy
namic Viscosity of Water and Steam, by A. A. Aleksan
drov, A. 1. Ivanov, and A. B. Mateev, presented to the 
meeting of Working Group II on transport properties of 
the lAPS, Moscow, USSR, May 1974; and Draft of the 
Skeleton Tables of the Dynamic Viscosity of Water and 
Steam, Part II, by A. A. Aleksandrov, A. H. Ivanov, and 
A. B. Mateev, presented to the meeting of Working Group 
II on transport properties of the lAPS, Giens, France, 
September 1974. 

Part 3, Appendix D, gives a table of values at the se
lected grid points obtained from the equation given in 
Part 2. These represent smoothed and internally consistent 
values of the experimental data and are indnrlerl for prac

tical convenience. 

The Special Committee recognizes that: 

(a). Table 1 represents an objective rendering of exist
ing experimental data even though its values do not corre
spond to the Special Committee's conception of "smooth
ness", 

'(b) the Interpolation Equation as well as Table 2' do 
not adequately represent the anomaly which is associated 
with the dynamic viscosity of pure substances in the criti
cal region (see the paper, "Transport Properties of Gases 
and Binary Liquid near the Critical State", by J. V. 
Sengers in "Transport Phenomena-1973", J. Kestin, ed. 
AlP Conference Proceedings No. 11, American Institute 
of Physics, New York, 1973, p. 229). 

The Special Committee is of the opinion that the cor
rections needed to represent this anomaly are of the same 
order of magnitude as the tolerances in that region, except 
for a rectangle defined by I pi p~ - 1 I ::::; 0.1 and I TIT c 

- 1 \ ::::; 0.005, and may be disregarded at the present 
time. 

Appendix B 

Part 1. Table of Critically Evaluated Experimental Data 
(Reduced to a Uniform Grid) 

Upper value: viscosity of water or steam, ./'- in }.tPa s 
(=== 10-6 kglm . s) 

J. Phys. Chern. Ref. Data, Vol. 6, No.4, 1977 

Lower value: uncertainty in the viscosity, ± A}.t in 
}.tPa s (== 10-6 kg/m . s) 

Pressure P in MPa; Temperature t in 0c. 

Appendix Sf Part 1. 

Dynamic Viscosity of Water and Steam 

(Same as table 3 in text) 

Appendix C 

Part 2. Recommended Interpolating Equation 

The values appearing in table 1 (same as table 6 in 
text) may be reproduced within the stated tolerances by 

the use of the formula given below, wherein 

,u., denotes the dynamic viscosity 
p denotes density t 
T denotes absolute temperature on the 1968 

Practical Temperature Scale 
T* and p * denote numerical constants which are 

close to, but do not represent the cor
responding critical constants 

ak and b-ij are numerical constants. 

[p* 5 4 (T* )1 (p )'] J.!. = }.to exp - ~ ?: bij - - 1 -; 1 , 
P t=JJ=O T p 

where 

= (~)1/2 [.3 . (T*)k]-l. T* {; ai, T 

(1) 

(2) 

The constants appearing in the preceding equations have 
the numerical values given below and in table a for bij : 

T* 64·7.27 K } 

p* 317.763 kg/ms 
(3) 

ao 0.018 1583 
a1 0.017 7634 
a2 0.010 5287 

(4) 

a3 -0.003 6744 

The correlating equation presented in this Appendix 

is valid in the range 

o < l < 800°C 

in temperature, and 

o < fJ < 1050 kg/m3 

t For preference and to reproduce the values given in Appendix D, the density 

should be computer! with the aid of the 1968 IFC Formulation for Scientific and 

General Use. If another density formulation is used, a relative departure of Api p 
induces at most a relative departure ± /}.JL/ JL = 2.5 D.p/ p in viscosity. 
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TABLE a. Numerical nlue of the coefficients bij 

.~- _ .. -_.-

i= 0 I 2 3 4· 5 

j=O 0.501 938 0.162 888 
I 

-0.130 356 I 0.907 919 -0.551 119 0.146 54-3 
1 0.235 622 0.789 393 0.673 665 1.207 552 0.067 0665 -0.084 3370 
2 -0.274 637 -0.743 539 -0.959 456 -0.687 343 -0.497 089 0.195 286 

3 0.145 831 0.263 129 0.347 247 0.213 486 0.100 754 -0.032 932 
4 -0.027 0448 -'-0.025 3093 -0.026 7758 -0.082 2904 0.060 2253 -0.020 2595 

in density, which corresponds to an approximate pressure 
range 

o < P < 100 J\iPa; 

its domain of validity can be extended to 

P = 1000 MPa in the range 0 < t < 100 0(; 

P = 350 MPa in the range 100°C < t < 560°C. 

Thtl t:4u<:tlluu <:tJUIJlt:J iu llll::; AppeIlllix 1::; Hut the ouly 
possible interpolation formula. An alternative form was 
given in the paper, "Correlation of Viscosity for Water 
and Steam", by A. Nagashima, M. Ikeda, and 1. Tanishita, 
Proc. Eighth ICPS, Giens, France, 1974. 

Appendix E 

Special Committee Membership 

Dr. A. A. Aleksandrov 
Dr. P. Bury 
Prof. J. Kestin 
Prof T. Minamiyama 
Prof. A. Nagashima 

Dr. M. Reimann 
Mr. K. Scheffler 

Dr. J. Straub 
Prof. A. A. Tarzimanov 
Prof D. Vodar 
Prof. J. V. Sengers 
Ml. J. Yata 

Appendix Ii 

(USSR) 
(France) 
(USA) 
(Japan) 
(Jopon) 
(FRG) 
(FRG) 
(FRG) 
(USSR) 
(France) 
(USA) 
(Japan) 

Appendix D. Equation of the Viscosity of Water at Atmospheric 
Pressure in the Range 0-100 °C 

Viscosity of Compressed Water and Superheated Steam 

Viscosity in fLPa s (== 10-6 kg/m s) 
Pressure P in MPa 
Temperature t in 0c. 

The following simplified equation gives the viscosity 
of water at atmospheric pressure in the range 0-·100 °C 
as listed in table II-I. Agreement with selected experi
mental data is shown in figure II-I. 

(Smoothed values obtained with the aid of eqs (1) and 
(2) of Appendix C together with the constants listed 
therein, and density values based on the 1968 IFC For
mulation for Scientific and General Use.) 

Appendix D 

Dynamic Viscosity of Water and Steam 

(Same as table 6 in text) 

Constants 

Units 

A 0.12571873 X 10-1 

B = - 0.5306-:1.362 X 10-:! 
C = 0.ll309108 X 10-2 

D - - 0.57239520 x 10-[; 

I.e dynamic viscosity 10-3 Pa· s 
T temperature K 

TABLE II·I. Viscosity of water at atmospheric pressure calculated with the aid of eq (II.I) 00-3 Puos) 
.---. .... 

(OC) 2 3 4- 5 6 7 

0 1.79190 1.73148 1.67421 1.61987 1.56828 1.51923 1.47258 1.4.2815 1.38582 
10 1.30693 1.27013 1.23496 1.20132 1.16912 1.13828 1.10873 1.08039 1.05319 
20 1.00200 0.97789 0.95470 0.932.39 0.91091 0.89021 0.87021 0.85104· 0.83250 
30 0.79732 0.78062 0.76449 0.74890 0.73381 0.71922 0.70510 0.69112 0.67818 
4·0 0.65290 0.64084- 0.62914 0.61778 0.60676 0.59606 0.58567 0.57557 0.56576 
50 O.54{595 0.53793 0.52915 0.52061 0.51230 0.50"120 0.4.9631 0.48863 0.4-8115 
flO 0.46674· 0.45980 0.45303 0.:14643 0.43999 0.43371 0.42757 0.42158 0.4157.'3 
70 0.40442 0.39897 0.3930.3 0.38842 0.38332 0.37833 0.37345 0.36808 O .. )54Z}} 
HO 0.354.97 0.35059 0.34-630 0434-210 O.3.~799 0.3;:::396 O.3300} O.326l·j C!.:~2;2~~5 

q(] 0.314,99 0.31142 0.30791 0.304'1'(; 0.30111 0.29780 O.29 .. .JSf; 0.29137 0.2582;) 
100 0.28217 0.27921 0.27631 O.2734C 0.27066 

! 
0.26791 O.2652l 0.262.55 

I 
Cr.2599·~:.. 

., Phys. Chem. Ref. Dotu r :\{oL 

(II-I) 

9 

1.02708 
0.81460 
0.66534 
0.55622 
0.47385 
0.41001 
0.35944 
0.31863 
0.28518 
0.25738 

6, No. 4, 1977 
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FIGURE II-I. Comparison of selected data with eq (II-I) 

Appendix III 

D,eleted or Corrected Experimental Data 

Deleted: ref. [43]* 392.2 DC, 31.617 MPa 
595.0 DC, 60.55 MPa 

ref. [97J 385.5 DC. 351 atm 
Corrected: ref. [97J 384°C, 301 atm 

600.5 DC, 2.96.5 atm 
600°C, 254 atm 
382°C, 254 atm ref. [98J 

380°C, 251 atm 
362~7 DC, 209 atm ref. [52J 
~:;7,? °C, ?O~fltm 
all data on ~aturation line 

ref. [44J 650°C, 28.7 atm ref. [53] 
700 DC, 31.1 atm 

ref. 198] 487 uc, 700 atm 
388°C, 700 atm 
478.6 DC, 400 atm 

'" Numbers in brackets indicate references in the text. 
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80 100 

477°C, 300 atm 
473.3 DC, 300 atm 
423°C, 300 atm 
383.6 ec, 250 atm 
382.7 ec, 250 atm 
382.9 DC, 250 atm 

525.5 DC, 96.5 atm to 396.6 atm 
530.6 DC, 105.n atm, 10.2 X 

10 cm'2/s to 102 X 10 cm2/s 

367.5 DC, 200 atm, 570 ,uP to 
270 fLP 

18.4 DC, 381.5 atm 
17.0 DC, 655.5 atm 

some more misprints 

155.0 bar, 0.59268 g/crn.s to 
155.6 bar 0.59316 g/cm3 

155.0 bar, 0.59263 g/cm.s to 
155.6 bar 0.59311 g/cm.3 

154.9 bar, 0.59225 g/crn8 to 
155.7 bar 0.59289 g/ em3 



- J 



-

P 0.0 

0.1 1.00017 
0.5 0.99997 
1.0 0.99972 
2.5 0.99897 
S.O 0.99778 
7.5 0.99649 

10.0 0.99527 
12.5 0.994·05 
15.0 0.99283 
17.5 0.99163 
20.0 0.99043 
22.5 0.98924, 
25.0 0.98806 
27.5 0.98688 
30.0 0.98572 
35.0 0.98341 
40.0 0.98113 
4,5.0 0.97888 
50.0 0.97667 
55.0 0.97449 
60.0 0.97234 
65.0 0.97023 
70.0 0.96815 
75.0 0.96610 
80.0 0.96410 
85.0 0.96213 
90.0 0.96020 
95.0 0.95831 

100.0 O.9!:>()IJb 

VISCOSITY OF WATER SUBSTANCE 

Appendix IV 

Specific Volume of Water Substance Calculated with 
the Aid of the 1968 IFC Formulation 

Units: P/MPa, t/deg. C, V/Oiter/kg) 
-- . -----

t 

25.0 50.0 75·°rt 1.00285 1.01208 ·1.02591 
1.00267 1.01190 1.02572 
1.00244 1.01l(i7 1.02549 
1.00177 1.0ll00 1.02477 
1.00065 1.00989 1.02360 
0.99955 1.00879 1.02243 
0.99845 1.00770 1.02128 
0.99736 1.00662 1.02014 
0.99628 1.00554 1.01901 
0.99520 1.00448 1.01789 

0.99414- 1.0034,2 1.01677 
0.99308 1.00238 1.01567 
0.99203 1.00]34, 1.01458 
0.99098 1.000.31 1.01350 
0.98994 0.99928 1.01243 
0.98789 0.99726 1.01031 
0.98586 0.99527 1.00823 
0.98386 0.99330 1.00618 
0.98188 0.991.37 1.00416 
0.97993 0.98946 1.00217 
0.97800 0.98757 1.00021 
0.97609 0.98571 0.99828 

j 0.97421 0.98.387 0.99638 
0.97235 0.98205 0.99450 

! 0'.97050 0.98026 0.99265 
0.96868 0.97848 0.99082 
0.%688 0.97673 0.98901 
0.%510 0.97500 0.98723 
U.Y6;:Sdq. U.Y/;)2~ 0.1.11:)546 

1161 

100.0 150.0 

1696.39990 1936.59985 
1.04.350 1.09077 
1.04324- 1.0904,2 

1.04245 1.08938 
1.04116 1.08767 
1.03988 1.08598 
1.03861 1.08432 
1.03736 1.08268 
1.03612 1.08107 
1.03489 1.07948 
1.03368 1.07790 
1.03248 1.07635 
1.03129 1.074,82 

1.03011 1.07331 
1.02894 1.07182 
1.02664 1.06889 
1.02438 1.06602 
1.02216 1.06323 
1.01998 1.06049 
1.01783 1.05782 
1.01572 1.05519 
1.0]365 1.05263 
1.01160 1.05011 
1.00959 1.04763 
1.00761 1.04521 
1.00565 1.04282 
1.00372 1.04048 
1.00182 1.03818 
0.99994 1.03591 

.f. pnys. Chern. Ref. DofCl, Vel. 6, No, 4., 1977 
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Units: P/MPa, t/deg. C, V/(liter/kg) 

t 

P 200.0 250.0 
I 

300.0 350.0 

0.1 2172.39990 2406.09985 2638.79980 2870.89990 
0.5 424.98999 474.39990 522.57983 570.10986 
1.0 205.93999 232.71999 257.95996 282.46997 
2.5 1.15551 87.00999 98.92000 lO9.75999 

5.0 1.15296 1.24941 45.32399 51.94398 
7.5 1.15045 1.24493 26.71300 32.42599 

10.0 1.14801 1.24061 1.39780 22.42099 

12.5 1.14561 1.23644 1.38750 16.12799 
15.0 1.14326 1.23241 1.37790 11.48500 
17.5 1.14095 1.22851 1.36900 1.71500 
20.0 1.13869 1.22473 1.36060 1.66580 
22.5 1.13647 1.22107 1.35270 1.62940 
25.0 1.134,29 1.21751 1.34530 1.60010 
'27.';) l..l3215 1.21405 1.33820 1.57550 
30.0 1.13005 1.2lO68 1.33150 1.55420 

35.0 1.12596 1.20421 1.31900 1.51860 
40.0 1.12199 1.19805 1.30760 1.48950 
45.0 1.11815 1.19218 1.29710 1.46470 
50.0 1.11443 1.18657 1.28730 1.44320 

55.0 1.11081 1.18119 1.278lO 1.42420 
60.0 1.10729 1.17603 1.26950 1.40720 
65.0 1.10397 1.17106 1.26150 1.39170 

70.0 1.10053 1.16628 1.25380 1.37760 
75.0 1.09728 1.16166 1.24650 1.36460 
80.0 1.09410 1.15719 1.23960 1.35250 
85.0 1.09100 1.15286 1.23300 1.34130 
90.0 1.08797 1.14866 1.22670 1.33070 
95.0 1.08500 1.14459 1.22070 1.32080 

100.0 1.08210 1.14063 1.21480 1.3 II 40 

Units: ' P /MPa, t/deg. C, V /Oiter/kg) 

P 425.0 450.0 475.0 500.0 

0.1 a218.39990 3334.09985 3449.79980 3565.39990 
0.5 640.71997 664.13989 687.51978 710.89990 
1.0 310.50000 330.37988 342.22998 354.03979 
2.5 125.10999 130.09000 135.03000 139.92999 
5.0 60.56799 63.27100 65.92000 68.52599 
7.5 38.97899 40.94398 42.84599 44.69800 

10.0 28.12500 29.73999 31.28099 32.76500 
]2.5 21.55899 22.98399 24.31999 25.59099 
15.0 17.13300 18.44899 19.65999 20.79500 
17.5 13.92400 15.18200 16.31400 17.35899 
20.0 11.46800 12.70600 13.78800 14.77200 
22.5 9.50700 10.75400 11.81000 12.75200 
25.0 7.88440 9.16810 10.21500 11.12900 
27.5 6.50010 7.84900 8.89900 9.79500 
30.0 5.29620 6.73040 7.794{)0 8.67950 
35.0 3.43810 4.95360 6.04730 6.92230 
40.0 2.53920 3.69520 4.75770 5.614,90 
45.0 2.18840 2.91550 3.82140 4.62960 
50.0 2.00940 2.48730 3.17370 3.89070 
55.0 1.89680 2.24220 2.74820 3.34590 
60.0 1.81700 2.08560 2.46980 2.95200 
65.0 1.75610 1.97570 2.280lO 2.66900 
70.0 1.70730 l.89330 2.14360 2.46250 
75.U 1.66670 1.82850 2.04030 2.30770 
80.0 1.63200 1.77560 1.95910 2.18790 
85.0 1.60180 1.73130 1.89310 2.09240 
90.0 1.57510 l.69330 1.83810 2.01440 
95.0 1.55120 1.66010 1.79140 1.94920 

100.0 1.52960 1.63070 1.75090 1.89370 
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375.0 

2986.79980 
593.71997 

294.54980 
114.95999 

54.93300 
34.76399 
24.53499 

18.25099 
13.89500 
10.56500 

7.69510 
2.44900 
1.97630 
l.tl60YO 

I 1.7914-0 
1.70230 I 
1.64270 I 

1.59770 
1.56150 
1.53120 
1.50510 
1.49230 

1.46190 
1.44360 
1.42700 
1.41180 
1.39770 

I 
1.38470 
1.37250 

550.0 

3796.59985 
757.45996 
377.56982 

149.62000 
73.63100 
48.28899 

35.60899 
27.99500 
22.91399 
19.28000 
16.55099 
14.42500 
12.72200 
11.32800 

10.16500 
8.33930 
6.97660 
5.930()0 

5.11190 
4.46620 
3.95390 
3.53650 
3.22240 
2.96440 
2.75840 
2.59240 
2.45680 
2.34380 
2.24820 

400.0 

3102.59985 
617.25000 
306.55981 
120.06999 

57_79599 
36.92999 
26.40599 

20.00600 
15.65500 
12.45600 

9.95200 
7.86900 
6.00930 
4.'20500 
2.80600 

2.10720 
1.91070 
1.80400 
1.73200 
1.67810 
1.63510 
1.59930 

1.56870 
1.54210 
1.51840 
1.49720 
1.4780 o 
1.46050 
1.44440 

600.0 

4027.69995 
803.98999 
401.01978 

159.23999 
78.64000 
51.76999 
38.33299 
30.26799 
24.89000 
21.0479 9 
18.16499 
15.92200 
14.1280 
12.6600 

o 
o 

11.43700 
9.5180 o 

o 8.0847 
6.978 4Q 

6.1041 
5.4014 
4.8296 
4.3602 
3.9722 
3.64Y8 

o 
o 
o 
o 
o 
u 
o 
o 
o 
o 
o 

3.3808 
3.1555 
2.9661 
2.8059 
2.6693 
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Units: P/MPa, t/deg. C, V/{liter/kg) 

t 

P 650.0 700.0 750.0 800.0 

0.1 4258.79688 4489.79688 4720.79688 4951.69922 
0.5 850.44995 896.86987 943.25000 989.58984 
1.0 424.40991 447.75000 471.05981 494.31982 
2.5 168.78999 178.28000 187.73999 197.17000 
5.0 83.57700 88.45999 93.31000 98.12000 
7.5 55.17499 58.52399 61.83099 65.10199 

10.0 40.97400 43.55699 46.09499 48.59799 
12.5 32.45299 34.57700 36.65599 38.69699 
15.0 26.77399 28.59200 30.36400 32.09900 
17.5 22.71700 24.31898 25.87199 27.38699 
20.0 19.67499 21. 1 J4.99 22.50400 23.85500 
22.5 17.31000 18.62399 19.88599 21.10899 
25.0 15.41800 16.63199 17,79300 18.91399 
27.5 13.87200 15.00400 Ib.UHIYY It.1l899 
30.0 12.58400 13.64900 14.65800 15.62500 
35.0 10.56300 11.52200 12.42300 13.28000 
40.0 9.05360 9.93300 10.75100 11.52600 
«i.O 7.88:i70 8.70200 9.45600 10.16600 

50.0 6.95870 7.72300 8.42500 9.08200 
55.0 6.20830 6.92800 7.58600 8.19900 
60.0 5.59170 6.27200 6.89100 7.46700 
65.0 5.07290 5.72200 6.30900 6.I:!5200 

70.0 4.64850 5.25800 5.81400 6.32800 
75.0 4.28440 4.86200 5.38900 5.87800 
80.0 3.97440 4.52100 5.02300 5.48800 
85.0 3.70910 4.22600 4.70300 5.14600 
90.0 3.48080 3.96900 4.42300 4.84600 
95.0 3.28350 3.74400 4.17700 4.58100 

100.0 3.11210 3.54700 3.95800 4.34500 

Appendix V 

Alternative Interpolation Equation 
.4 

The lAPS Release on viscosity reproduced as Appendix 
mentions an alternative interpolation equation for the 

new skeleton table. This was prepared by Nagashima~ 
Ikeda and Tanishita [129] and is reproduced below'~; 

it is introduced for use in conjunction with the 1967 
IFC Formulation [113]: 

+ L C2i 1'i + C30 1'25 
i=O 

2 

D(1') = L di 1'i + d3 7-13 + d 4 1'16 

i=O 

l' = T/IOO K 

The constants are listed in table V-l. 
Range of validity. 

10-7Pa . S (V-I) 

where 

S 

B(1') = L bi 7'
i 

i=O 

* Several constants w~re siightlr modified from those in ref. [129j ;n order to 

get beller agreement wHh exper;mcntal data at 0 'C. 

'fpmppr:Jtllre r:Jngp 

Pressure range 
?7~.lS-1?73]S K 

saturation pressure or 0.1 MPa 
to 120 MPa. 

A detailed comparison between the ultimately sanc
tioned eq (6) in the text and eq (V-I) above was per
formed by a study group at the Engineering University 
of Hanover*"". This revealed that the differences in the 
output of the two equations were insignificant over most 
of the region covered, except for the neighborhood of the 
critical point. Both equations are based on the primary 
data referred to in table 2 but eq (6) seems to be closer 
----

** Borman, H. Vnter.uehung ,'on Gl<-khungen zur Bcrechnung der dynamischen 
Yiskositaet Yon \i'as.erdampf, T. U. Hannover, (1974). Actually the comparison 

was p~rformecl ! .• "twef'n the earlier ver5ions of eq (6) ancl eq (V-l), hut modi· 

fications of the equations wer" so small that this comparison could be regarded 

35 the comparison between eq (6) and eq (V-I). 
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to several specially favored investigatiom:, 'whereas eq 
(V-I) represents a more even-handed compromise. 

TABLE V-I. Constants in equation (V-I) 

The differences between the two equations are insignifi
cant for industrial applications over most of the region~ 
as already mentioned, but in the liquid phase over the 
interval 300°C - 370°C eq (6) gives values which are 
about 2/,0 lower than those of eq ( V-I). Similarly in the 
steam phase around 700°C and 70 MPa eq (6) leads to 

values which are higher by about 2%. 
Figure V-I gives a sample comparison between the two 

equations at 300°C over the entire density range. Fig
ures V-2 and V-3 correspond to figures 4, and 5 in the 
text and underline the systematic difference between two 
sets of experimental data pertaining to the steam region. 
Figures 2 and 13 in the text may also be consulted for 

further comparisons. 
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Appendix VI 

Effect of the Different Density Sources 

The viscosity equation, eq (6) in the text, wasrecom
mended to be used with the 1968 IFe Formulation, 
although the most-widely-used equation of state for water 
substance in the world is 1967 IFC Formulation. Table 
Vl-l shows some examples of effect of different density 
sources on the calculated viscosity data. 
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TABLE VI-l 

t P ,u(p196S)a ,u (pI967)b 

°C MPa IQ.,-o Pa's 10-6 Pa's 

350 70.0 88.9 88.7 
80.0 91.4 91.1 
90.0 93.7 93.4 

100.0 95.9 95.5 

375 22.5 47,4, 46.5 
25.0 58.2 58.0 
27.5 61.9 61.8 
80.0 85.0 84.8 
90.0 87.5 87.3 

]00.0 89.9 89.5 

400 27.5 33.62 33.76 
30.0 43.67 43.38 
9U.U 151.'( 151.6 

100.0 84.2 84.0 

425 35.0 39.26 39.39 
40.0 48.62 48.48 

450 40.0 39.03 
! 

39.15 

a Equation (6) + the 1968 IFC Formulation. 
b Equation (6) + the 1967 IFC Formulation. 
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